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 ABSTRACT 
Microbial auto-aggregation and co-aggregation, leading to biofilm or floc 
formation, widely occur in natural systems. This study was conducted to investigate the 
extent of bacterial auto-aggregation and co-aggregation in activated sludge and their 
contributions in activated sludge floc formation. In this study, an activated sludge sample 
was separated into a supernatant part (planktonic community) and a sediment part (floc 
community) by centrifugation at 650×g for 2 minutes. 197 strains were isolated from 
both communities. These isolates belong to 18 phylotypes based on molecular 
identifications. Similar phylogenetic distributions of these isolates were observed in 
planktonic and floc communities, suggesting a similar community structure exists in 
these communities. 1 strain was picked from each phylotype to conduct further 
characterization on auto-aggregation and co-aggregation. Three types of bacterial auto-
aggregation patterns were observed: (1) aggregating bacteria (F): bacteria have constant 
high aggregation abilities. (2). bacteria with varying aggregation capability at different 
growth stage (VF). (3) Non-aggregating bacteria (NF): bacteria do not aggregate. The VF 
type bacteria are the most dominant one. The results of co-aggregation characterization 
indicated that co-aggregation relationship between bacteria in activated sludge is complex, 
varying at different growth time. Strain S13, which is identified as Acinetobacter 
johnsonni, has a negative effect on the aggregation of other strains. 
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 CHAPTER ONE 
INTRODUCTION AND LITERATURE REVIEW 
Microbial aggregation is a widespread phenomenon in both natural and 
engineered aquatic systems. In these systems, microorganisms cluster together, forming 
fairly stable, contiguous, multi-cellular associations. This property has been exploited by 
environmental engineers to achieve biomass/effluent separation in conventional activated 
sludge (CAS) systems. Microorganisms growing in a CAS system synthesize new cells 
by exploiting the energy derived from the organic compound oxidation. However, single 
microbial cells are hard to settle under the force of gravity due to their small sizes, and 
thus, an efficient microbial aggregation is necessary in a CAS system to separate these 
microbial cells from effluent. 
Activated sludge has been applied in wastewater treatment for more than 100 
years. However, problems associated with inefficient microbial aggregation such as 
pinpoint floc, bulking, and dispersed growth, are still frequently being reported in 
wastewater treatment plants across the world. The primary reason for the frequent 
occurrence of these problems is that the mechanism of microbial aggregation in activated 
sludge is poorly understood. 
The study on microbial aggregation in activated sludge can date back to a century 
ago. Various theories were proposed, however, due to its complexity, there is no unifying 
theory that can fully explain this phenomenon. Current understanding is based on a 
polymer-bridging model, where microbial aggregation is interpreted as a result of 
interactions of naturally produced extra-cellular polymeric substances (EPSs) and 
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microbial cells; EPSs, which are excreted by microbial cells, play a key role in adsorbing 
to and bridging between cell surfaces. This model describes well the importance of EPSs 
in agglutinating microbial cells. However, it is not adequate in terms of providing 
operational guidance in real wastewater treatment. This is because the composition of 
EPSs is very complex, including a variety of macromolecules like proteins, 
polysaccharides, DNA, RNA, humic acids etc., and its composition varies greatly due to 
the different wastewater sources and different microbial communities. These 
macromolecules might have complex flocculation patterns in terms of the relationship of 
the amount of EPSs (which act as flocculant) and microbial cells. Moreover, the 
definition of EPSs, for example, which compounds surrounding cells could be claimed as 
EPSs, is still under debate. The reason that corresponds to the failure of application of 
polymer-bridging model in real operational problems is that microorganisms, which are 
the primary components of flocs and the producers of EPSs, have been regarded as 
identical inertial particles in the model. Basically, the various types of microorganisms as 
well as their diverse biological abilities have been ignored. 
Bacterial auto-aggregation and co-aggregation are important interactions in 
microbial aggregation in natural and engineered systems (Bourgeau and McBride,1976). 
Bacterial auto-aggregation refers to bacteria form aggregates with genetically identical 
cells (Grady et al.,1999); and bacterial co-aggregation refers to bacteria aggregate with 
genetically distinct cells. It has been known for some time that bacterial auto-aggregation 
occurs in activated sludge. Due to their outstanding auto-aggregation abilities, some 
species such as Zoogloea ramigera have once been believed to be responsible for the 
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activated sludge floc formation (Butterfield,1935). Later, it was found that strains with 
auto-aggregation ability are not restricted to these species and many species other than 
Zoogloea ramigera could form flocs (McKinney and Horwood,1952). It is easy to 
understand why so many studies are focused on isolation and characterization of floc-
forming bacteria. 
Bacterial co-aggregation was initially found to occur in oral biofilm (Gibbons and 
Nygaard,1970). In this system, distinct strains could recognize each other through 
specific interactions between certain molecules on their cell surfaces. This specific 
interaction selectively integrates bacteria of different species into a biofilm depending on 
whether they have the specific cell surface molecules which could selectively bind to the 
corresponding surface molecules of other cells. Since both auto-aggregation and co-
aggregation abilities are specific for different species of bacteria, the process of 
aggregation by means of these two interactions is predictable if their relationships of 
interaction are known. However, little information about the extent of these two 
interactions occurring in activated sludge is known.  
1.1 An Overview of Activated Sludge 
Activated sludge refers to the complex microbial community used to remove 
soluble organic matter through wastewater treatment as well as the process itself. A 
typical activated sludge system, as shown in Figure 1.1, consists of two units: an aeration 
basin and a separation device. Microorganisms grow in the aeration basin, depleting the 
organic compounds in the influent stream. Normally, bacteria will form flocs and settle in 
the clarifier, producing a clear effluent. Part of the settled biomass is recycled from the 
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clarifier to the aeration basin. The remaining biomass is removed to control the solids 
retention time (SRT). Since its inception by Arden and Lockett in 1914, activated sludge 
has been widely used in wastewater treatment. Currently, it is roughly estimated that 
almost every town has an activated sludge system in the US (Grady et al.,1999). 
Aeration Reactor 
RAS
Effluent 
WAS
Clarifier 
 
Figure 1.1 Scheme of the Activated Sludge Process. 
During CAS treatment, the organic constituents are removed or converted in two 
phases: 1) organic waste is partially oxidized for free energy and partially synthesized 
into new microbial cells; 2) individual microbial cells aggregate into large flocs and are 
separated from effluent through settling. The first phase could be easily achieved in most 
activated sludge systems, while many wastewater treatment plants have difficulties in the 
second phase. Effluent BOD is largely attributed to the biomass leaving in the effluent 
(Tenney and Stumm,1965). Failure of microbial aggregation causes many operational 
problems, for example, slime bulking, pin point flocs and dispersed growth, etc. The 
occurrence of problems, as a consequence, leads to increased return activated sludge 
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ratio, and increased effluent COD, increased amount of disinfectant, and in more serious 
case, a breakdown of the entire process. 
1.2 Previous Research in Microbial Aggregation 
Research in microbial aggregation dates back over a century. Early researchers 
tried to explain microbial aggregation with summations of numerous physical inter-
particle forces, homologous with the flocculation of colloidal solutions by salt 
(Buchanan,1919). According to this theory, aggregation occurs when the similar electric 
charges on cell surfaces are decreased to amounts such that they will no longer overcome 
the pull of surface tension. However, since microorganisms, including bacteria, viruses, 
algae, and protozoa, are hydrophilic colloids, the stability of dispersion of these bio-
colloids depends on both the forces between particles themselves and on the forces 
between particles and the solvent (i.e., water). Surface charge reduction alone cannot 
explain the phenomenon of microbial aggregation. The forces between particles and 
solvent can prevent these bio-colloids from settling. One example is that microorganisms 
can sustain stable suspension at very close to the isoelectric point (Pavoni, Tenney and 
Echelberger,1972). It is obvious that other mechanisms are responsible for microbial 
aggregation. 
At one time, special floc-forming bacteria, for example, Zoogloea ramigera, were 
thought to be primarily responsible for producing activated sludge floc. Protozoa were 
also thought to trigger floc formation by excreting a gelatinous slime to trap bacteria 
before ingestion (Tenney and Stumm,1965). However, it has been realized that floc-
forming bacteria are not restricted to Zoogloea ramigera; under certain circumstances, 
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most microorganisms isolated from activated sludge can form aggregates (McKinney and 
Horwood,1952; McKinney and Weichlein,1953). 
Later on, EPSs excreted by microorganisms was found to play an important role 
in microbial aggregation. Pavoni et al. (1972) found that a direct correlation exists 
between EPSs accumulation and microbial agglutination. Removal of EPSs from well-
flocculated bacterial suspensions followed by subsequent re-suspension of the harvested 
cells resulted in stable organic dispersions. Re-addition of extracted EPSs to vacant 
bacterial surfaces resulted in re-flocculated suspensions. Addition of EPSs to stable 
inorganic dispersions (kaolinite, silica, and alumina) resulted in substantial system 
flocculation, suggesting the important role of EPSs in gluing microbial cells. Tenney and 
Stumm (1965) reported that addition of synthetic polyelectrolytes to microbial 
suspensions resulted in flocculation of individual microbial cells in a similar manner as 
EPSs. They proposed that EPSs could be viewed as naturally produced polyelectrolytes 
leading to flocculation of bacterial cells. Current understanding of microbial aggregation 
is primarily based on a polymer-bridging model (Harris and Mitchell,1973). In this 
model, microbial aggregation can be viewed as the result of the interaction of naturally 
produced, high-molecular-weight, long chain polyelectrolytes with bacterial cells in such 
a manner that the polyelectrolyte bridge the individual cells into an aggregate that 
subsides from suspension under quiescent conditions (Tenney and Stumm,1965).  
Bacterial auto-aggregation and co-aggregation are two important interactions 
leading to floc formation in natural and engineered systems. In these systems, bacteria 
form flocs either by aggregating with genetically identical cells (auto-aggregation) or 
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with genetically distinct cells (co-aggregation). Since they are specie-dependent, the 
process of floc formation by means of auto-aggregation and co-aggregation is more 
predictable if enough information is known about the interaction relationships between 
bacterial cells. As a consequence, it is possible to control microbial aggregation by 
adding or removing the key bacterial cells in the floc formation. However, little is known 
about the extent of auto-aggregation and co-aggregation in activated sludge, it is of 
interest to study how auto-aggregation and co-aggregation contribute to activated sludge 
floc formation. 
1.3 Bacterial Auto-Aggregation 
It has been known for some time that some bacteria in activated sludge are 
capable of forming flocs by themselves. Bacteria with auto-aggregation ability are called 
floc-forming bacteria. Previous research on bacterial auto-aggregation is primarily 
focused on isolation and classification of floc-forming bacteria (McKinney and 
Weichlein,1953). Butterfield (1935) isolated a bacterium, Zoogloea ramigera, from 
activated sludge, which was capable of not only stabilizing a liquid organic substrate but 
also producing floc. When grown in pure culture, this strain formed definite flocs within 
48 hours and 50 percent of the 5-day biochemical oxygen demand (BOD5) was oxidized 
after 5 hours of aeration (Butterfield,1935). This specie was successfully isolated from 
other activated sludge systems (Heukelekian and Littman,1939; Wattie,1942). 
Heukelekian and Littman (Heukelekian and Littman,1939) isolated Z. ramigera from 12 
different activated sludge systems. The widespread presence of Z. ramigera in activated 
sludge systems has led to the mistaken belief that this specie is primarily responsible for 
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activated sludge floc formation (Butterfield,1935; Heukelekian and Littman,1939). 
Subsequent research isolated floc-forming bacteria from activated sludge, including 
Escherichia intermedium, Paracolobactrum aerogenoides, Nocardia actinomorpha, 
Bacillus cereus, and a bacterium belonging to the genus Flavobacterium (McKinney and 
Horwood,1952).  Kakkii et al. (1986) isolated a strain of Ca2+- dependent floc-forming 
bacteria Kluyvera cryocrescens, which forms flocs during the early exponential phase of 
growth in the presence of calcium ions and is completely deflocculated by EDTA or 
actinase. A similar Ca2+- dependent floc-forming bacteria, Flavobacterium spp, were 
isolated by Tezuka (Tezuka,1969). McKinney and Weichlein (McKinney and 
Weichlein,1953) isolated 72 strains from 4 sources of activated sludge, 26 of which 
readily form flocs within 48 hours under both aerated and unaerated conditions. All 72 
strains can form flocs under unaerated conditions if enough time is allowed for the 
bacteria to cease their metabolic activities, suggesting that floc formation is correlated 
with the metabolic activities of the bacteria. 
Currently, it is widely agreed that the presence of Zoogloea in activated sludge 
and floc formation are not directly related. Many bacteria other than Z. ramigera also 
form flocs (Friedman and Dugan,1968). Auto-aggregation occurs widely among activated 
sludge bacteria and their physiological conditions may affect the expression of auto-
aggregation ability. Previous experience indicates that bacteria in the endogenous phase 
are more likely to form flocs than these in the prolific phase. 
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1.4 Bacterial Co-Aggregation 
Co-aggregation was first reported by Gibbons and Nygaard (Gibbons and 
Nygaard,1970) to occur between strains isolated from an oral biofilm. It is defined as the 
recognition between surface molecules of genetically distinct bacterial cells so that a 
mixed-cell aggregate is formed (Kolenbrander,1988). The process of recognition occurs 
immediately and co-aggregates are usually visible after several seconds of cell mixing. 
Different from the flocculation/coagulation process in physical/chemical water treatment, 
co-aggregation is a highly specific interaction during which only certain types of cells 
(Rickard et al.,2002) serve as partners. The process is little affected by pH and the extent 
of mixing (Cisar, Brennan and Sandberg,1979; Kolenbrander,1988). Co-aggregation 
occurs widely among oral bacteria. The non-co-aggregating bacteria cannot be integrated 
in the multi-generic aggregates formed in cell suspensions and are eventually washed out 
along with swollen saliva (Kolenbrander and Andersen,1986). The process of oral 
biofilm formation can be hypothesized as: oral biofilm accumulates mass through a 
combination of the sequential attachment of different cell types and the growth of micro-
colonies of attached bacteria. Accretion of sequential bacterial cells depends on the 
previously added bacterial cells. This hypothesis is supported by the fact that sequentially 
adding cell types only occurs if these cells co-aggregate with the previously added cells 
(Kolenbrander,1988; Kolenbrander, Anderson and Holdeman,1985). Due to widespread 
co-aggregation, oral biofilm formation can be regarded as a combination of independent 
co-aggregation between oral bacterial cells. Accretion of a new cell type is dependent 
upon the presence of the previously added cell type no matter how complex the aggregate 
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is in composition (Kolenbrander,1988). Provided that enough information is known about 
bacterial co-aggregation among oral bacteria, this complex biofilm formation process 
becomes more predictable and controllable. 
Although it was once believed that co-aggregation was unique for oral bacteria 
(Kolenbrander,1988), recent studies indicated that co-aggregation occurs among strains 
isolated from other environments (Drago et al.,1997; Kmet and Lucchini,1997; Reid et 
al.,1990; A. H. Rickard et al.,2003). Richard et al. (2000) reported that co-aggregation 
occurs among strains isolated from a freshwater biofilm. The mechanism of co-
aggregation among freshwater bacteria is similar to that of oral bacteria in many aspects, 
except that, in a freshwater biofilm, the expression of bacterial co-aggregation is 
dependent on their growth phases (Rickard et al.,2000). Co-aggregation occurs only 
during the stationary phase; exponential cells are not able to co-aggregate. Furthermore, 
co-aggregating pairs acquire and lose their co-aggregation ability at various times during 
stationary phase. In addition to freshwater bacteria, co-aggregation has also been reported 
to occur between lactobacilli and Escherichia coli strains isolated from the human 
urogenital tract (Reid et al.,1988), the intestinal tract of humans (Drago et al.,1997) and 
pigs (Kmet et al.,1995), and between related lactobacilli from the crops of chickens 
(Clemans et al.,1999). 
These previous studies of various systems imply that co-aggregation occurs 
widely. It plays a role in mediating integration of genetically distinct cells into a biofilm 
or aggregates. Malik et al. (2003) found that co-aggregation also occurs among strains in 
activated sludge. In their study, 2 strains of non-flocculating bacteria were found to form 
10 
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flocs with several other non-flocculating bacteria by co-aggregation, suggesting that co-
aggregation is also a mechanism of floc formation in activated sludge. However, little 
information about the extent of co-aggregation occurring in activated sludge. And the 
contribution of bacterial co-aggregation to activated sludge formation remains largely 
unknown. 
1.5 Summary 
Due to the complexity of EPSs and its relationship to sludge settleablity, the 
current polymer-bridging model has difficulties in providing guidance on controlling 
activated sludge floc formation. One major weakness of previous studies is that 
interactions among bacterial cells leading to floc formation have been ignored. Previous 
studies, both in activated sludge and in other systems, suggest that bacterial auto-
aggregation and co-aggregation are two possible interactions involved in activated sludge 
floc formation. Since expressions of both auto-aggregation and co-aggregation are 
specie-dependent, studying auto-aggregation and co-aggregation will lead to a better 
understanding of bacterial interactions within activated sludge, providing a better insight 
into the mechanisms of microbial aggregation, and ultimately providing guidance in 
controlling the microbial aggregation problems. 
 CHAPTER TWO 
RESEARCH OBJECTIVES 
The primary goal of this study is to assess the extent of auto-aggregation and co-
aggregation abilities of various species of bacteria found in activated sludge as well as 
their contributions to floc formation. 
The specific objectives are: 
1. To isolate strains for both planktonic and floc communities and classify 
them into different phylotypes using restriction fragment length 
polymorphism (RFLP) and denaturing gradient gel electrophoresis 
(DGGE), and identify the representative strains of each group using partial 
16S rDNA sequencing; 
2. To compare the bacterial compositions of planktonic and floc 
communities; 
3. To investigate the auto-aggregation abilities of representative strains 
isolated from activated sludge at different growth phases, classify them 
based on their different aggregation patterns, and compare the proportions 
of auto-aggregating strains in activated sludge flocs to that in the 
surrounding bulk liquid; 
4. To investigate the co-aggregation partnerships among these representative 
strains. 
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 CHAPTER THREE 
MATERIALS AND METHODS 
3.1 Chemicals and medium 
Peptone (Enzymatic Digest of Protein) was obtained from Becton, Dickinson and 
Company Sparks, (NH4)2SO4 and K2HPO4 (Ultrapure Bioreagent Grade) were obtained 
from Mallinckrodt Backer, NaNO3 was obtained from Sigma-Aldrich, NaCl and MgSO4 
•7H2O were obtained from EM Science, CaCl2 •2H2O (ACS Grade) was obtained from 
EMD Chemicals, FeCl3 •6H2O was obtained from SOLON. The composition of peptone 
media used for bacterial isolation was shown in Table 3.1. 
Table 3.1  Components of Peptone Medium a. 
Components Concentration (g/l) Molar Concentration (mM) 
Peptone 7.5 - 
(NH4)2SO4 0.75 5.676 
NaNO3 0.375 4.412 
NaCl 0.075 1.283 
MgSO4 •7H2O 0.15 0.608 
CaCl2 •2H2O 0.0375 0.255 
FeCl3 •6H2O 0.0075 0.028 
K2HPO4 0.75 4.306 
a. 5 g agar (per liter of media) was added to make solid peptone media. 
 
 
13 
 3.2 Sample Collection and Separation 
An activated sludge sample was collected at Clemson City Wastewater Treatment 
Plant Clemson, SC, where a completely mixed activated sludge system is applied. The 
sample was stored in a 1000 mL autoclaved glass bottle and carefully shipped back to the 
laboratory within 30 minutes. The separation of flocs from bulking solution was adapted 
from the work conducted by Malik et al. (2003), where they proposed that centrifugation 
at 650×g for 2 minutes leads to the same consequence as settling for 30 minutes. It is also 
supported by a culture-independent experiment using DGGE in our lab. In this 
experiment, samples including supernatant and sediment separated by centrifugation have 
similar DGGE patterns with those of samples separated by settling. The sample was 
mixed by gently inverting the container several times. Around 30 mL of this sample were 
poured from container into a 50 mL sterile centrifuge tube with screw cap (VWR 
Scientific Products) under sterilizing condition. A SORVALL Evolution RC (Kendo 
Laboratory Products) was used to centrifuge this sample at 650×g for 2 minutes. The 
supernatant was poured out into another sterile centrifuge tube labeled as planktonic 
community, and the remaining pellets were floc community after decanting the top layer 
bulking solution. 
3.3 Bacterial Isolation 
For bacterial isolation, serial dilutions within 10-4-10-6 were plated on peptone 
media. A 1.5% (w/w) agar was added to the liquid peptone media to make solid peptone 
media, which was then poured close to flame into plates when it is cooled down to 
around 50-60 °C. After the media in the plates were solidified, they were moved to 30°C 
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 incubate, and keep there with upside down for 3 days. This is to check if the plates were 
contaminated in the preparation process. If there are no colonies come out, the plate is 
ready for further experiments. Otherwise, the plat is not ready. The samples from 
planktonic and floc community were diluted by autoclaved DDI H2O to 10-4, 10-5, and   
10-6 of the original concentration. 200 µL of samples at each concentration were plated on 
the peptone medium. The plates were kept in the incubator (National Appliance Co. 
Portland, Oregon, USA) at 30 ºC allowing the bacteria to grow for 1 day. Pick the plates 
with appropriate density of colonies (around 100 colonies per plate), and streak the 
isolates to fresh peptone plates. The bacteria were purified by repeated transfers to fresh 
peptone agar plates, and then classified into different phylotypes using PCR-DGGE and 
PCR-RFLP. 
 
Figure 3.1 Separation of Activated Sludge Flocs from Bulking Liquid. 
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 3.4 Polymerase Chain Reaction (PCR) 
The 16S rDNA of the isolates was amplified using universal primers. Various 
primer set was used depending on the target fragments in experiments. Primer 341 F (5’-
CCTACGGGAGGCAGCAG-3’ with a GC clamp at the 5’ end) and 534 R (5’-
ATTACCGCGGCTGCTGG-3’) were used to amplify the fragments for Denaturing 
Gradient Gel Electrophoresis (DGGE) experiment. Primers 8 F (5'-
AGAGTTTGATCCTGGCTCAG-3') and 1392 R (5'-ACGGGCGGTGTGTRC-3') were 
used in the preparation of PCR product for Restriction Fragment Length Polymorphism 
(RFLP) experiment and sequencing. A 50-µL PCR reaction was prepared by pipetting10 
µL 5×Go-taq colorless reaction buffer (Promega Corporation, Madison, WI), 2.5 µL of 
each primer (341 F-534 R or 8 F-1392 R, 4µM), 1 µL of dNTP (10mM), 2.5 µL of BSA 
(30 mg/mL), 28.3 µL autoclaved DDI H2O, 0.2 µL of GoTaq DNA Polymerase (Promega 
Corporation, Madison, WI), and 3 µL DNA template. The DNA template was prepared 
by placing the colony directly into an autoclaved tube containing 9 µL TE buffer (10 mM 
Tris-Cl, 1 mM EDTA, pH=8.0), adding 1 µL 0.4 M KOH-10 mM EDTA before heating 
at 65 ºC for 3-5 minutes, and then neutralizing by adding 1 µL Tris-HCl (pH=4). The 
PCR amplification was achieved using an Eppendorf Mastercycler gradient (Eppendorf 
AG 22331 Hamburg). The negative control was prepared in the same procedure as above 
except adding autoclaved DDI H2O instead of colony. The temperature program was as 
follows: a denaturation step at 94 ºC for 5 minutes is followed by 30 cycles of 
denaturation at 94 ºC for 30 seconds, annealing at 55 ºC for 45 seconds, and elongation at 
72 ºC for 45 seconds each; the program concludes with a final elongation step of 72 ºC 
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 for 10 minutes and holding at 4 ºC.  The PCR products were checked through horizontal 
electrophoresis in 2% agarose gel. The PCR product would show a band at around 200 bp 
position. And no band would show up in negative control. 
3.5 Denaturing Gradient Gel Electrophoresis (DGGE) 
DGGE was conducted in a C.B.S. Scientific DGGE system model 2001. A 20%-
80% gradient gel was created in a gradient maker (Model: GM-40, C. B. S. Scientific, 
Delmar, CA, USA). The 20% denaturant were composed of 3.75 mL 40% acryamide/Bis 
(37:1), 0.5mL 20× SB buffer, 2 mL deionized formide, 2.1 g urea, add DDI H2O to total 
volume of 25 mL. And the 80% denaturant were composed of 3.75 mL 40% 
acryamide/Bis (37:1), 0.5mL 20× SB buffer, 8 mL deionized formide, 8.4 g urea, add 
DDI H2O to total volume of 25 mL. The denaturants were filtered by Acrodisc 25 mm 
Syringe Filter with 0.2 µl HT Tuffryn Membrane (PALL Gelman Laboratory) and 
degassed for 10 minutes before they were used. 15 mL 20% denaturant and 80% 
denaturant was added in B and A column of the gradient maker respectively, 120 µl 
(10%) ammonium persulfate (APS) and 6.75 µl N, N, N', N'-tetramethyl-ethylenediamine 
(TEMED) were added into each column to solidify the gel. Turn on the stirrer and valves. 
This procedure should be operated quickly; otherwise the solution would be solidified 
before it flows out. Allow the gel to polymerize for 60 minutes. After the system was 
packed, 25 µL of the PCR product was loaded along with 6×loading dye. The gels were 
run with the denaturing gradient parallel to the direction of electrophoresis for 6 hours at 
140 V at 60 ºC. The DGGE gels were stained with Ethidium Bromide for 30 minutes and 
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 rinsed by DDI H2O for 10 minutes. Pictures of the gels were taken using a BIO-RAD 
(BIO-RAD Laboratories-Segrate (Milan) Italy). 
3.6 Restriction Fragment Length Polymorphism (RFLP) 
RFLP was used to differentiate the organisms by analysis of the pattern derived 
from the cleavage of their DNA extracted by PCR. 1 µL PCR product (at a concentration 
of 300 ng/ µL) was mixed with 11.85 µL autoclaved DDI H2O, 1.5 µL 10× buffer 
(Promega, Madison, WI), 0.15 µL BSA (Promega, Madison, WI), 0.5 µL HhaI (Promega, 
Madison, WI). This mixture was incubated at 37ºC for 12 hours in a water bath 
(Barnstead/Lab-Line, Melrose Park, IL). The reaction concluded with incubating at 65 ºC 
for 20 minutes. Next, 7.5 µL of restricted DNAs were analyzed through horizontal 
electrophoresis in 2% agarose gel.  The pattern was analyzed using a BIO-RAD (BIO-
RAD Laboratories-Segrate (Milan) Italy). 
3.7 Identification of Representative Strains by Partial 16S rRNA Gene Sequencing 
Representative strains were identified by PCR amplification and partial 
sequencing of the 16S rRNA gene fragment. Amplification of 16S r DNA was performed 
by taking one bacterial colony of each organism grown on peptone media plate, pre-
treating as described in the PCR section to produce template DNA for PCR. A pair of 
universal primers: 8 F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1392 R (5'-
ACGGGCGGTGTGTRC-3') were used to amplify a fragment of 16S rDNA which 
corresponds to nucleotides 8-1392 in the Escherichia coli 16S rRNA gene sequence. The 
PCR reaction was carried out in the same recipe described in the PCR section above. The 
temperature program was as follows: a denaturizing step at 95 ºC for 3 minutes is 
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 followed by 25 cycles of denaturizing at 94 ºC for 45 seconds, annealing at 57 ºC for 1 
minute, and elongation at 72 ºC for 2 minutes each; the program concludes with a final 
elongation step of 72 ºC for 7 minutes and holding at 4 ºC. Amplified products were 
purified using the QIAquickTM PCR purification kits (QIAGEN Science, Maryland, 
USA) according to the manufacturer’s instruction. Sequencing was conducted by 
MWGTM sequencing company (MWG THE GENOMIC COMPANY). The sequencing 
results were compared to known sequences in the databases at National Center for 
Biotechnology Information (NCBI) website (http://130.14.29.110/BLAST/) using Basic 
Local Alignment Search Tool (BLAST). 
3.8 Evaluation of Auto-Aggregation Ability 
Bacterial auto-aggregation was characterized using serum bottles containing 30 
ml medium. Representative strains were cultured using a peptone liquid medium at room 
temperature by shaking at 125 rpm (New Brunswick Scientific C10 Platform Shaker). The 
bacterial growth was monitored by measuring the optical density at 600 nm (OD600) in a 
10-mm-length cuvette using a spectrophotometer (Beckman Du 640). 1.5 mL aliquots of 
cell suspensions were sampled out to measure the OD600 value without centrifugation; 
another 1.5 mL were sampled and centrifuged at 650×g for 2 minutes, the OD600 of their 
carefully pipetted supernatants were measured. The OD600 of the sample was read in 
spectrophotometer three times, and their average value was used in calculation. The 
aggregation index was calculated as follows: 
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 3.9 Evaluation of Co-Aggregation Ability 
To assess the co-aggregating ability of the strains, a visual assay adapted from the 
work of Cisar et al. (1979) was used. Cells were grown separately in a batch culture, 
harvested simultaneously by centrifugation at 6000×g for 5 minutes, and washed three 
times in DDI H2O. Cells of each strain were then suspended in DDI H2O to an optical 
density of 1.5 at 600 nm and mixed in equal volumes (200 µl) in tubes. The mixture was 
then vortexed for 10s and rolled gently for 30s; the degree of co-aggregation will be 
assessed visually in a semi-quantitative assay using the scoring scheme originally 
developed by Cisar et al.: 0, no flocs in suspension; 1, very small uniform flocs in a 
turbid suspension; 2, easily visible small flocs which settle, leaving a clear supernatant; 4, 
very large flocs of co-aggregates that settle almost instantaneously, leaving a clear 
supernatant (Cisar, Brennan and Sandberg,1979). Control tubes of each isolate also were 
included to assess auto-aggregation. Where present, auto-aggregation was scored using 
the same criteria, and this score will be deducted from the co-aggregation score, resulting 
in the final score. 
3.10 Dual-Culture Experiments 
A seed culture was inoculated from glycerol frozen stock into an autoclaved 
micro-centrifuge tube containing 0.75 ml peptone medium, growing at 30 °C for 13 
hours. 75 µl of seed cultures were inoculated into a serum bottle containing 30 ml 
peptone medium. Two strains of bacteria were inoculated into the same microcosm 
bottle. At the same time, individual bacteria were inoculated and grew as controls. 
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Aggregation indices were measure at different growth time and the aggregation index of 
dual culture was compared with those of individual cultures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 CHAPTER FOUR 
RESULTS 
4.1 Bacteria Isolation and Characterization 
An activated sludge sample was separated into planktonic and floc part by 
centrifugation at 650×g for 2 minutes, which has the same effect as settling a sludge 
under quiescent conditions for 30 minutes (Malik et al.,2003). After centrifuging, bacteria 
in flocs collected at the bottom of the centrifuge tube, leaving planktonic bacteria 
dispersed in the bulk solution. Samples taken from both the planktonic and floc 
communities were inoculated onto fresh peptone plates after tenfold serial dilution. After 
incubation overnight, colonies appeared on the plates. Plates of 1×10-5 dilution had the 
proper density of colonies (approximately 200 per plate) and the colonies with distinct 
morphologies on these plates were picked and purified by serial transfer. The purity of 
each strain was checked by PCR-DGGE and PCR-RFLP. Strains were purified until only 
a single band appeared on DGGE gels. In total, 107 isolates were obtained from the floc 
community and 97 from planktonic community. 
The phylogenetic characteristics of these isolates were identified using molecular 
biological tools. A fragment of the 16S rDNA of the isolates was amplified by PCR using 
universal bacterial primers 341 F (5’-CCTACGGGAGGCAGCAG-3’ with a GC clamp 
at the 5’ end) and 534 R (5’-ATTACCGCGGCTGCTGG-3’) and then run in a DGGE 
gel. Meanwhile, a 600-bp fragment of 16S rDNA was amplified using universal bacterial 
primers 8f and 1392r. Isolates which shared the same RFLP and DGGE pattern were 
classified into a phylotype. These 197 isolates were classified into 18 phylotypes 
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 designated as A, B, C, D, E, G, H, J, K, L, M, N, O, P, Q, S, T, and U. Table 4.1 shows 
the distribution of these isolates belonging to different phylotypes in planktonic and floc 
communities. 
Table 4.1 Distribution of Isolates in Planktonic and Floc Community. 
Phylotype 
Number of 
planktonic 
isolates 
% Number of floc isolates % 
Total 
number of 
isolates 
% 
A 45 42.1 34 37.8 79 40.1 
B 16 15.0 12 13.3 28 14.2 
C 4 3.7 0 0.0 4 2.0 
D 22 20.6 16 17.8 38 19.3 
E 7 6.5 5 5.6 12 6.1 
G 0 0.0 3 3.3 3 1.5 
H 0 0.0 6 6.7 6 3.0 
J 5 4.7 5 5.6 10 5.1 
K 0 0.0 1 1.1 1 0.5 
L 0 0.0 3 3.3 3 1.5 
M 4 3.7 0 0.0 4 2.0 
N 1 0.9 1 1.1 2 1.0 
O 0 0.0 2 2.2 2 1.0 
P 1 0.9 0 0.0 1 0.5 
Q 1 0.9 0 0.0 1 0.5 
S 0 0.0 1 1.1 1 0.5 
T 0 0.0 1 1.1 1 0.5 
U 1 0.9 0 0.0 1 0.5 
Total 107 100 90 100 197 100 
 
Phylotype A is the most numerically predominant type in both planktonic and floc 
communities, which accounts for 40.1% of the total number of isolates. Other 
predominant phylotypes are D, B, E, and J. One interesting phenomenon is that the 
distribution of these predominant types is similar in planktonic and floc communities. 
Overall, there was considerable overlap between the planktonic and floc communities. 
Phylotypes A, B, D, E, J, and N, which were found in both communities, account for 
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 86% of the total number of isolates. Only a small amount of isolates selectively appear in 
a community. Phylotypes C, M, P, Q, and U were only found in the planktonic 
community, accounting for 10% of the total; G, H, K, L, O, S, T were only found in floc 
community, accounting for 4% of the total. 
A representative strain was picked from each phylotype for further experiments. 
These strains are: D14 (phylotype A), S19-2 (phylotype B), S79 (phylotype C), S14-2 
(phylotype D), S78 (phylotype E), D42 (phylotype G), D6 (phylotype H), D57 (phylotype J), 
D62 (phylotype K), D4 (phylotype L), S13 (phylotype M), S83 (phylotype N), D19 
(phylotype O), S91 (phylotype P), S85 (phylotype Q), D61 (phylotype S), D23 (phylotype T) 
and S88 (phylotype U). The subscripts which are included in the name of isolates are 
numerical numbers. S represents that strains were isolated from the planktonic 
community of activated sludge, while D represents strains were isolated from the floc 
community of activated sludge. The dash line included in strain name means this strain 
was streaked out during purification process. 16S rRNA genes of these representative 
strains were successfully amplified using universal primers 8 F (5'-
AGAGTTTGATCCTGGCTCAG-3') and 1392 R (5'-ACGGGCGGTGTGTRC-3') and 
the PCR products were sent to MWGTM for sequencing. Sequencing results were 
compared to available sequences on the NCBI website 
(http://www.ncbi.nlm.nih.gov/). Table 4.2 shows the proposed identities of the 
representative strains. 
Results from the basic local alignment search tool (BLAST) showed that D14 
strain shared a high similarity with Raoultella ornithinolytica WAB1909 (99%), 
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 Klebsiella ornithinolytica 590681 (99%), and Klebsiella sp. SO-Y1-2 (99%). Raoultella 
ornithinolytica is a new specie name derived from Klebsiella genus and was originally 
known as Klebsiella ornithinolytica. It is Gram-negative, facultatively anerobic, rod-
shaped bacteria, and was frequently isolated from raw fish or fish product (Kanki et 
al.,2002). However, there are no previous reports about isolation of Raoultella 
ornithinolytica from activated sludge. 
BLAST results of the 16S rDNA sequence of S19-2 strain showed that it shared 
similarity with many strains belonging to the genus Aeromonas. The similarity value with 
Aeromonas sp strain 17m is 99%; with Aeromonas sp13m is 99%; with Aeromonas 
hydrophila 49140 is 99%; with Aeromonas hydrophila CCM 7232 is 99%; with 
Aeromonas hydrophila ATCC 7966 is 99%, etc. Aeromonas hydrophila is a heterotrophic, 
Gram-negative, and facultatively anaerobic rod. Bacteria of Aeromonas hydrophila can 
survive under both aerobic and anaerobic conditions. They are resistant to chlorine, and 
cold temperatures (Agarwal et al.,2007). Aeromonas hydrophilaa have previously been 
isolated from activated sludge (Buitron and Gonzalez,1999; Ren et al.,2006). 
Comparison of 16S rDNA sequence of S79 strain with the available sequence on 
line showed that S79 strain shared the highest similarity with Vitreoscilla stercoraria 
(99%). Bacteria of genus Vitreoscilla are Gram-negative and chemoorganotrophic 
organism, obtaining energy from the oxidation of organic compounds. A report showed 
that a strain of Vitreoscilla stercoraria was isolated from cow dung (Biggs and 
Moody,2003), but there were no previous reports about isolation of Vitreoscilla 
stercororia from activated sludge. 
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 Table 4.2 Characterization and identification of bacterial isolates by sequencing 
partial 16S rRNA genes. 
Phylo
-type 
Repre-
sentative 
isolates 
Database 
Accession No. 
% Identities 
to sequence 
in database 
Proposed Identity Shape 
A D14 AM184250.1 99 
Raoultella 
ornithinolytica Rod 
B S19-2 AY987754.1 99 
Aeromonas 
hydrophila Rod 
C S79 M22519.1 96 Vitreoscilla sp. Rod 
D S14-2 DQ133536.1 99 Citrobacter freundii Rod 
E S78 DQ298039.1 97 Acinetobacter junii Coccus 
G D42 AM184300.1 99 Acinetobacter junii Coccus 
H D6 EF178440.1 99 Bacillus cereus Rod 
J D57 AM410625.1 99 
Pseudomonas 
fluorescens Rod 
K D62 AM184284.1 99 
Comamonas 
testosteroni Rod 
L D4 AM259177.1 99 
Pseudomonas 
fluorescens Rod 
M S13 AF188300.1 98 
Acinetobacter 
Johnsonii Coccus 
N S83 AY599705.1 99 
Stenotrophomonas 
sp. Rod 
O D19 EF197942.1 99 Bacillus pumilus Rod 
P S91 AB074524.1 99 
Aquaspirillum 
autotrophicum Rod 
Q S85 DQ298051.1 99 
Aeromonas 
punctata Rod 
S D61 DQ417342.1 100 
Ochrobactrum 
anthropi Rod 
T D23 EF197942.1 99 Bacillus pumilus Rod 
U S88 AJ575430.1 99 cf. Bergeyella sp. - 
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 The representative strain of phylotype D, S14-2, has the most similar sequence with 
Citrobacter freundii GM1 (99%). Citrobacter is a genus of gram-negative coliform 
bacteria in the Enterobacteriaceae family. C. freundii is a heterotrophic bacterium, using 
solely citrate as a carbon source. These bacteria can be found almost everywhere in soil,  
water, and wastewater (Grishchenkov, Slepen'kin and Boronin,2002; Savelieva et 
al.,2004) etc. It is also found in the human intestine. 
The 16S rDNA sequence of S78 and D42 strains, which are representative strains of 
phylotype E and G, respectively, showed the highest similarity with Acinetobacter junii 
T3943D1 (97%) and Acinetobacter junii WAB1961 (99%) strains, respectively. 
Acinetobacter junii are heterotrophic, Gram-negative, oxidase-negative coccoci 
(Tjernberg and Ursing,1989). They are important soil organisms, contributing to the 
mineralization of, for example, aromatic compounds (Bento et al.,2005). Bacteria of 
Acinetobacter junii are frequently found in aquatic systems such as rivers (Bhadra, Nanda 
and Chakraborty,2006) and activated sludge (Malik et al.,2003). 
The 16S rDNA sequence of D6 strain, representative of phylotype H, has the 
highest similarity with that of Bacillus cereus. Bacillus cereus is an endemic, soil-
dwelling, Gram-positive, rod shaped, beta hemolytic bacteria which causes foodborne 
illness. Many reports showed that they occur frequently in activated sludge (Gioia et 
al.,2004; Hollender et al.,2001; Khehra et al.,2005; Kim et al.,2005). 
The sequences of D57 (phylotype J) and D4 (phylotype L) strains have the highest 
similarity (99%) with those of Pseudomonas fluorescens 9zhy and Pseudomonas 
fluorescens pdm, respectively. Pseudomonas fluorescens is a Gram-negative, rod-shaped 
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 bacterium. It has an extremely versatile metabolism, and can be found in the soil and in 
water. It is an obligate aerobe but certain strains are capable of using nitrate instead of 
oxygen as a final electron acceptor during cellular respiration. It was also frequently 
isolated from activated sludge (Khehra et al.,2005). 
The sequence of D62 (Phylotype K) has the highest similarity (99%) with that of 
Comamonas testosteroni WAB1945 (AM184284.1). Comamonas testosterone is a Gram-
negative, heterotrophic rod. It is a widespread species, surviving in both aquatic and 
terrestrial environments. Many studies have reported its existence in activated sludge 
(Boon et al.,2000; Ren et al.,2007). 
The strain which has the most similar sequence (98%) with that of S13 (phylotype 
M) is Acinetobacter johnsonii (AF188300.1), a Gram-negative and heterotrophic 
bacterium. It has been frequently isolated from activated sludge systems, especially in 
systems designed for phosphorus removal (Boswell et al.,2001; Rossetti et al.,1997).  
The 16S rDNA sequence of S83 strain has the highest similarity (99%) with that of 
Stenotrophomonas sp. TB-3-II (AY599705.1), a heterotrophic and Gram-negative rod. It 
has been isolated from raw milk (Delbes, Ali-Mandjee and Montel,2007), and soil (Durr 
et al.,2006). No previous reports were found for isolation from activated sludge. 
16S rDNA sequence of strains D19 and D23 showed the highest similarity (99%) 
with that of Bacillus pumilus J (EF197942.1), an aerobic, herotrophic, gram-positive, 
spore-forming rod. It has been isolated from soil (Hua et al.,2007; Rahman et al.,2007) 
and sea water (Malikova et al.,2007). 
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 16S rDNA sequence of S91 strain showed the highest similarity (99%) with that of 
Aquaspirillum autotrophicum (AB074524.1), an aerobic hydrogen bacterium, which 
grows both autotrophically and heterotrophically. The heterotrophic growth rate is higher 
(Aragno and Schlegel,1978). It has been isolated from an eutrophic freshwater lake 
(Aragno and Schlegel,1978). No previous reports were found for isolation from activated 
sludge. 
16S rDNA sequence of S85 strain has the highest similarity (99%) with that of 
Aeromonas punctata T3947D (DQ298051.1), a gram-negative soil bacterium. It was 
isolated from a river (Sharma, Dixit and Rajput,1995), and human throat and sputum 
cultures (Gilardi,1967). However, no previous reports were found for isolation from 
activated sludge. 
16S rDNA sequence of D61 strain has the highest similarity (99%) with that of 
Ochrobactrum anthropi WZR (DQ417342.1), an aerobic, oxidase-producing, non-
fementing, gram-negative bacillus. O. anthropi is a ubiquitous organism, i.e., it is widely 
distributed in the environment including a variety of water sources (e.g., normal saline, 
antiseptic solutions, dialysis liquids and swimming pools). O. anthropi may be part of the 
normal flora of the large intestine and has been isolated from various clinical specimens 
(Wi et al.,2007). 
16S rDNA sequence of S88 strain has the highest similarity (99%) with that of cf. 
Bergeyella sp CCUG46293. Relatively, little information about this strain is available. It 
is hard to cultivate in the laboratory. 
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 4.2 Bacterial Auto-Aggregation Characterization 
The auto-aggregation ability of each representative strain was evaluated over 
time. Their auto-aggregation ability was scaled by an aggregation index, which is defined 
as 1 minus the ratio of OD600 of the supernatant after centrifugation to OD600 of the 
sample without centrifugation. A higher aggregation index value means a higher auto-
aggregation ability. 
The auto-aggregation index and cell morphology of strain D14 (representative 
strain of phylotype A) over time are shown in Figure 4.1 and Figure 4.2, respectively. At 
4.5 hours, cells appeared as rods with lengths of around 5 μm. Small flocs (6 μm ×20 μm) 
were observed (shown as micrograph (a) in Figure 4.2) and their aggregation index was 
0.86 at 5 hours. During the time period from 4.27-15.3 hours, the cell density of strain  
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Figure 4.1 Time course of auto-aggregation of D14, a representative strain of phylotype A. 
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(a) (b) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.2 Phase-contrast micrograph showing the morphology of D14 (phylotype A) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 D14 increased from an OD600 value of 0.1 to 1.18. However its cell sizes and aggregation 
index decreased gradually during this time. At 19 hours, the cell size of D14 decreased to 
1 μm ; and the aggregation index at 5.3 hours was 0.27. At 25 hours, strain D14 achieved 
its maximum OD600 value of 1.39. Cells of strain D14 were dispersed at the stationary 
phase of growth, and the aggregation index leveled off at approximately 0.2. 
The aggregation index and cell morphology of strain S19-2 (representative strain of 
phlytype B) are shown in Figure 4.3 and Figure 4.4 respectively.  
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Figure 4.3 Time course of auto-aggregation of S19-2, a representative strain of phylotype B. 
At 4.5 hours, cells appeared as pairs of rods with cell lengths of 3-4 μm (shown as 
micrograph (a) of Figure 4.4). Although no floc was observed under microscope, the 
aggregation index (AI=0.85) was high at 4.26 hours. The reason for this high aggregation 
index is not clear. It may be because of low cell density (OD600=0.06). As shown in 
equation (1), the aggregation index is calculated based on the OD600 of the sample and  
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(a) (b)
(c) (d) 
(e) (f) 
(g) 
Figure 4.4 Phase-contrast micrograph showing the morphology of S19-2 (phylotype B) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours.  
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 supernatant. Since the OD600 of sample is too small, the difference between OD600, sample 
and OD600,supernatant is small too. The ratio of them may not be a good indicator in respect 
of scaling the extent of bacterial aggregation when cell density is extremely low. Also, it 
may be because cells are more readily to settle due to the increased cell size. The high 
aggregation index is a result of high settling ability caused by increased cell sizes at early 
exponential phase instead of aggregation. Due the topic of this part of experiment is 
about bacterial aggregation, this issue is not further addressed in this thesis. However, it 
is clear regarding the auto-aggregation ability of strain S19-2 at 4.26 hours, which is that 
no aggregation occurred at this time. During time period from 4.3-15.3 hours, S19-2 grew 
fast with its cell density increased from OD600 value of 0.06 to 0.5. Similar to strain D14, 
cell size decreased gradually in this time. Cell size at 19 hours was 1 μm (shown as 
micrograph (c) of Figure 4.4). At 25 hours, strain S19-2 reached its maximum OD600 value 
of 1.54. No flocs were formed. The aggregation index of strain S19-2 at stationary phase 
was around 0.4. 
The time courses of aggregation index and cell morphology of strain S79 
(representative strain of phylotype C) are shown in Figure 4.5 and Figure 4.6 respectively. 
Cells at 4.5 hours appeared as rods of 2-5 μm (shown as micrograph (a) of Figure 4.6). Its 
cell density at 4.3 hours was 0.03. At 10 hours, the cell density as well as cell size 
increased, reaching to OD600 value of 0.08 and 8 μm respectively. Similar to that of S19-2, 
high aggregation index of S79 (AI=0.9) was observed at 10 hours, but no bacterial 
aggregation was observed (shown as micrograph (b) of Figure 4.6). In the time period 
from 10-25 hours, cell density increased greatly and its OD600 reached 0.96 at 25 hours. 
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 However, the cell size decreased gradually, 3-4 μm at 19 hours and around 1 μm at 25 
hours. The aggregation index was also decreasing. It decreased sharply from 0.9 at 10 
hours to 0.49 at 15.3 hours. Strain S19-2 entered its stationary phase at 35.4 hours, its 
aggregation index at stationary phase was around 0.4. No flocs formation was observed. 
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Figure 4.5 Time course of auto-aggregation of S79, a representative strain of phylotype C. 
The time courses of aggregation index and cell morphology of S14-2 
(representative strain of phylotype D) are shown in Figure 4.7 and Figure 4.8 respectively. 
At 4.3 hours, cell appeared as pairs of rods with lengths of 5 μm. Similar to strain S19-2, 
the aggregation index at 4.5 hours was 0.8 while floc formation was observed in the 
beginning. At 15.3 hours, cell density increased to the maximum OD600 value of 0.52. 
Cell sizes decreased gradually and a range of 2-5 μm was observed at 19 hours (shown as 
micrograph (c) in Figure 4.8). phase and irregular-shaped flocs were formed (shown as 
micrograph (d) in Figure 4.8). The flocs were around 180 μm ×180 μm in shape and the 
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(b) (a) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.6 Phase-contrast micrograph showing the morphology of S79 (phylotype C) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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  bulking was clear at 26 hours. However, Figure 4.7 does not show a correspondingly 
high aggregation index. The reason is that a large portion of aggregated cells attached on 
the surface of the microcosm bottles, which is not included in the calculation of 
aggregation index and optical density measurement. The great variation in the OD600 
measured in the later hours is also due to the existence of attached biomass and strong 
flocs. Flocs formed by S14-2 were strong, and were hard to break by vortexing at high 
speed. This aggregation state lasted even after growth of 120 hours. 
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Figure 4.7 Time course of auto-aggregation of S14-2, a representative strain of phylotype 
D. 
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(a) (b) 
(d) (c) 
(e) (f) 
(g) 
Figure 4.8 Phase-contrast micrograph showing the morphology of S14-2 (phylotype D) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 The time courses of aggregation index and cell morphology of strain S78 
(representative strain of phylotype E) are shown in Figure 4.9 and Figure 4.10 
respectively. At 4.8 hours, cell density of S78 was 0.027 and its aggregation index was 0.6. 
Cells at 5 hours appeared as cocci with diameters of 2 μm. No flocs or filaments were 
formed. At 17.5 hours, S78 reached its stationary phase. Little biomass was produced and 
the maximum OD600 value was about 0.25. A decrease in aggregation index was observed 
when it achieved its stationary phase. This is probably because aggregation index can not 
indicate the extent of aggregation well at low concentration.  
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Figure 4.9 Time course of auto-aggregation of S78, a representative strain of phylotype E. 
Figure 4.11 and Figure 4.12 show the time courses of aggregation index and cell 
morphology of D42 (representative strain of phylotype G) over time respectively. At 4 
hours, the OD600 of D42 was 0.07 and its aggregation index was 0.7. Cells at 4.5 hours  
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(a) (b) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.10 Phase-contrast micrograph showing the morphology of S78 (phylotype E) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 appeared as pairs of rods around 2 μm. At 15.2 hours, D42 reached its stationary phase 
with the maximum OD600 value of 0.8. The aggregation index of D42 at stationary phase 
was around 0.3. No floc formation was observed. 
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Figure 4.11 Time course of auto-aggregation of D42,a representative strain of phylotype G. 
The time courses of aggregation index and cell morphology of D6 (representative 
strain of phylotype H) are shown in Figure 4.13 and Figure 4.14 respectively. At 4.5 
hours, strain D6 appeared as 80 μm long filaments, which formed flocs by interweaving 
with each other. The flocs (50×60μm) were irregularly shaped (shown as (a) in Figure 
4.14). The OD600 value and aggregation index at 4.8 hours were 0.05 and 0.92 
respectively. At 26.6 hours, D6 reached its stationary phase and the maximum OD600 
value was 0.98. Larger flocs, about 200µm×300µm in size, were formed at 26.6 hours 
compared to those at 4.8 hours. Small cells (around 2-3 micrometers) as well as filaments 
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(a) (b) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.12 Phase-contrast micrograph showing the morphology of D42 (phylotype G) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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  (up to20 micrometers) were observed the surrounding bulking solution. This aggregation 
state lasted until 60 hours, when the bulking solution was clear and its aggregation index 
was kept higher than 0.8. After 60 hours, its aggregation index decreased gradually. The 
picture (g) in Figure 4.14 shows that, at 120 hours, many filaments of flocs disappeared 
and many small particles (around 3 μm long) suspended in the surroundings. This is 
probably because bacteria at 120 hours have entered death phase, cells decay occurred 
and filaments were broken into small particles, which as a consequence led to the 
decrease of aggregation index. 
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Figure 4.13 Time course of auto-aggregation of D6, a representative strain of phylotype H. 
Time courses of aggregation index and cell morphology of D57 (representative 
strain of phylotype J) are shown in Figure 4.15 and Figure 4.16 respectively. At 4.3 hours, 
the OD600 value and aggregation index of D57 at 4.3 hours were 0.02 and 0.72 
respectively. Cells at 4.5 hours appeared as 4-μm rods in pairs (shown as micrograph (a) 
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(a) (b) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.14 Phase-contrast micrograph showing the morphology of D6 (phylotype H) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 in Figure 4.16). At 25 hours, D57 reached the maximum OD600 value of 0.8. The 
aggregation index decreased gradually to 0.14 at 66.2 hours. No filaments or flocs were  
formed during the time. 
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Figure 4.15 Time course of auto-aggregation of D57, a representative strain of phylotype J. 
The time courses of aggregation index and cell morphology of D62 (the 
representative strain of phylotype K) are shown in Figure 4.17 and Figure 4.18 
respectively. At 5 hours, little biomass was produced and the OD600 value of D62 was 0.01, 
which led to the difficulty to catch a cell under microscope. At 9.4 hours, the OD600 value 
increased to 0.04, and its aggregation index was 0.75. Cells of 4-5 μm long were observed 
under microscope at 10 hours (shown as micrograph (a) in Figure 4.16). At 15 hours, 
bacterial optical density increased to OD600=0.3. Interestingly, the optical density 
decreased to 0.14 at 30 hours. This is because bacterial aggregation occurred during this  
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(a) (b) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.16 Phase-contrast micrograph showing the morphology of D57 (phylotype J) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 time (shown as micrograph (d) in Figure 4.18) and a great portion of biomass was 
attached on the surface of microcosm bottle. The existence of aggregates and attached 
biomass caused a variation between the aggregation indices of duplicates. At 26 hours, 
flocs were formed with the bulking solution was clear. This aggregation state lasted until 
55 hours. At 120 hours, the aggregates dispersed. 
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Figure 4.17 Time course of auto-aggregation of D62, a representative strain of phylotype 
K. 
 
 
 
 
47 
  
 
 
 
(a) (b) 
(d) 
(c) 
(e) (f) 
Figure 4.18 Phase-contrast micrograph showing the morphology of D62 (phylotype K) 
after growth for (a) 10, (b) 19, (c) 26, (d) 35, (e) 55, and (f) 120 hours. 
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 The time courses of aggregation index and cell morphology of D4 (the 
representative strain of phylotype L) are shown in Figure 4.19 and Figure 4.20 
respectively. At 4.3 hours, the OD600 value of D4 was 0.02. Due to the low cell density, 
no cell was caught under microscope. At 9.8 hours, OD600 value increased to 0.34. Cells 
at 10 hours appeared as rods of 5 μm long, no flocs or filaments were formed (shown as 
micrograph (a) in Figure 4.20). At 25 hours, the cell density increased its maximum value 
(OD600=1.09). Its aggregation index at exponential phase was around 0.2. 
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Figure 4.19 Time course of auto-aggregation of D4, a representative strain of phylotype L. 
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(a) (b) 
(c) (d) 
(e) (f) 
Figure 4.20 Phase-contrast micrograph showing the morphology of D4 (phylotype L) 
after growth for (a) 10, (b) 19, (c) 26, (d) 35, (e) 55, and (f) 120 hours. 
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 The time courses of aggregation index and cell morphology of S13 (representative 
strain of phylotype M) are shown in Figure 4.21 and Figure 4.22 respectively. At 4.5 
hours, cells appeared as rods in pairs or in strain, which were about 2-3 μm long. At 5 
hours, the OD600 value was 0.1 and its aggregation index was 0.01. At 15 hours, the 
OD600 increased to 0.88, its aggregation index was 0.03. At 42 hours, S13 reached its 
maximum OD600 value of 1.08, and its aggregation index at stationary phase was kept 
less than 0.1. 
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Figure 4.21 Time course of auto-aggregation of S13, a representative strain of phylotype 
M. 
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(b) (a) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.22 Phase-contrast micrograph showing the morphology of S13 (phylotype M) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 The time courses of aggregation index and cell morphology of strain S83 
(representative strain of phylotype N) are shown in Figure 4.23 and Figure 4.24 
respectively. At 4.25 hours, the OD600 value of S83 was 0.03. Due to its low cell density, 
no cells were caught under microscope. At 9.62 hours, S83 reached an OD600 value of 0.05, 
and its corresponding aggregation index was 0.44. Cells appeared as pairs of rods of 2-3 
μm at 10 hours. Flocs were formed at 26 hours, shown as micrograph (c) in Figure 4.24. 
Although flocs were formed, many individual cells were suspended in the bulking and the 
aggregation index at 25.4 hours was 0.7. S83 was experiencing deflocculation after 26 
hours. At 37.6 hours, the aggregation index decreased to 0.3. At 76 hours, its aggregation 
index decreased to 0.14. No flocs were observed at 120 hours (shown as micrograph (f) 
in Figure 4.24). 
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Figure 4.23 Time course of auto-aggregation of S83, a representative strain of phylotype 
N.
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(a) (b) 
(d) 
(c) 
(e) (f) 
Figure 4.24 Phase-contrast micrograph showing the morphology of S83 (phylotype N) 
after growth for (a) 10, (b) 19, (c) 26, (d) 35, (e) 55, and (f) 120 hours. 
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 The time courses of aggregation index and cell morphology of strain D19, 
(representative strain of phylotype O) are shown in Figure 4.25 and Figure 4.26 
respectively. At 5 hours, the OD600 value of D19 was 0.01. Cells at 6 hours appeared as 
rods of about 4-5 μm long. At 9.6 hours, its OD600 value and aggregation index were 0.1 
and 0.6 respectively, and cell size decreased to 2-3 μm long. At 15.5, its OD600 value and 
aggregation index were 0.27 and 0.62 respectively. At 25.4 hours, the OD600 increased to 
0.88, and its aggregation index was 0.4. Micrographs in Figure 4.26 show that no flocs 
were caught during 4.5-26 hours. However, microbial aggregation was observed in 
microcosm bottle. At 30 hours, cells reached the stationary phase and their aggregation 
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Figure 4.25 Time course of auto-aggregation of D19, a representative strain of phylotype 
O. 
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(a) (b) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.26 Phase-contrast micrograph showing the morphology of D19 (phylotype O) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
56 
 index at this phase was around 0.26. 
The time courses of aggregation index and cell morphology of S81 (representative 
strain of phylotype P) are shown in Figure 4.27 and Figure 4.28 respectively. At 4.8, the 
OD600 value of S81 was 0.03. Cells at 4.5 hours appeared as rods of about 4-5 μm, which 
grew in suspended state. Flocs were observed in microcosm bottle after growth for 10 
hours and dispersed after 20 hours. However, no flocs were captured under microscope. 
At 17.5 hours, S81 reached the maximum OD600 value of 1.14. Its aggregation index at 
stationary phase was around 0.15. 
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Figure 4.27 Time course of auto-aggregation of S91, a representative strain of phylotype P. 
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(a) (b) 
(c) (d) 
(e) (f) 
(g) 
Figure 4.28 Phase-contrast micrograph showing the morphology of S91 (phylotype P) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 The time courses of aggregation index and cell morphology of S85 (representative 
strain of phylotype Q) are shown in Figure 4.29 and Figure 4.30 respectively. At 4.8 
hours, the OD600 value of S85 was 0.08. Cells at 4.5 hours appeared as rods of 6-7 μm. At 
17.5 hours, the OD600 value was 0.8 and its aggregation index was 0.94. At 26.6 hours, 
the OD600 value is 0.75 and its aggregation index was 0.92. Micrographs (c) and (d) 
in Figure 4.30 show that flocs were formed in time period from19-26 hours. After 26 
hours, deflocculation of S85 occurred. At 37 hours, the OD600 value increased to 1.2 while 
its aggregation index decreased to 0.34. Micrograph (e) in Figure 4.30 shows that cells 
were dispersed at 35 hours. The aggregation index of S85 at stationary phase was around 
0.2. 
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Figure 4.29 Time course of auto-aggregation of S85, a representative strain of phylotype 
Q. 
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(a) (b) 
(c) (d) 
(f) 
(e) 
(g) 
Figure 4.30 Phase-contrast micrograph showing the morphology of S85 (phylotype Q) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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 The time courses of aggregation index and cell morphology of D61 (the 
representative strain of phylotype S) are shown in Figure 4.31 and Figure 4.32 
respectively. At 4.8 hours, the OD600 value of D62 was 0.01. At 10.4 hours, the OD600 
value increased to 0.025. Cells at 10 hours appeared as rods of 2 μm. At 37 hours, the 
OD600 value of D62 increased to 0.81. No flocs or filaments were formed during the 
growth of D61. The aggregation index at stationary phase was around 0.2. 
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Figure 4.31 Time course of auto-aggregation of D61, a representative strain of phylotype 
S. 
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(a) (b) 
(c) (d) 
(e) (f) 
Figure 4.32 Phase-contrast micrograph showing the morphology of D61 (phylotype S) 
after growth for (a) 10, (b) 19, (c) 26, (d) 35, (e) 55, and (f) 120 hours. 
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 The time courses of aggregation index and cell morphology of D23 (the 
representative strain of phylotype T) are shown in Figure 4.33 and Figure 4.34 
respectively. At 4.8 hours, the OD600 value of D23 was 0.016. Cells at 4.5 hours appeared 
as rods in pair, which was 2 μm long (shown as micrograph (a) in Figure 4.34). At 10.5 
hours, the OD600 value increased to 0.07, and its aggregation index was 0.6. Shown as 
micrograph (b) in Figure 4.34, flocs were formed at 10 hours. At 37 hours, its OD600 
value increased to 1.08 while its aggregation index decreased to 0.12. 
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Figure 4.33 Time course of auto-aggregation of D23, a representative strain of phylotype 
T. 
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(c) (d) 
(b) 
(e) (f) 
(g) 
(a) 
Figure 4.34 Phase-contrast micrograph showing the morphology of D23 (phylotype T) 
after growth for (a) 4.5, (b) 10, (c) 19, (d) 26, (e) 35, (f) 55, and (g) 120 
hours. 
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The aggregation index alone cannot indicate the real extent of aggregation. In 
some cases, bacteria without forming flocs have a high aggregation index, especially at 
low cell concentrations. Combination of the information obtained from aggregation index 
and micrographs can better indicate the real bacterial aggregation abilities. Various 
aggregation patterns were observed. As shown in Table 4.3, three groups were classified  
based on the aggregation patterns of representative strains: (1). Aggregating bacteria (F): 
bacteria have constantly high aggregation abilities (aggregation index is higher than 0.6 
or aggregation is shown in microscopy). Strain D6, which is the representative strain of 
phylotype H, is of this group. (2). Bacteria with varying aggregation index at different 
growth stage (VF). 65% of isolates have varying aggregation abilities depending on their 
growth stage. These isolates belong to phylotypes A, C, D, N, O, Q and T. The reason to 
classify phylotype D and O in this group is because microbial aggregation was observed 
in experiment. In the case of phylotype D, aggregating biomass was attached on the wall 
of microcosm bottle. This part of biomass, however, does not account in the calculation 
of aggregation index because of the difficulty to remove them from the wall and disperse 
them. (3) Non-aggregating bacteria (NF): bacteria do not aggregate (aggregation index is 
lower than 0.4 and no aggregation is shown in microscopy). 32% of the isolates are non-
aggregating bacteria, which include isolates of phylotypes B, E, G, J, K, L, M, P, S, T. 
respectively. 
 
 
 
 Table 4.3 Isolates of various aggregation type. 
Type Planktonic community Floc community 
Aggregating Pattern Phylotype Number % Total % Number % Total % 
Isolates with varying 
aggregation 
capabilities 
A 45 42.5 
73 68.9 
34 37.8 
55 61.1 
C 4 3.8 0 0 
D 22 20.8 16 17.8 
K 0 0 1 1.1 
N 1 0.9 1 1.1 
O 0 0 2 2.2 
Q 1 0.9 0 0 
T 0 0 1 1.1 
Non-Aggregating 
isolates 
B 16 15.1 
33 31.1 
12 13.3 
29 32.2 
E 7 6.6 5 5.6 
G 0 0 3 3.3 
J 5 4.7 5 5.6 
L 0 0 3 3.3 
M 4 3.8 0 0 
P 1 0.9 0 0 
S 0 0 1 1.1 
Aggregating isolates H 0 0 0 0 6 6.7 6 6.7 
Total   106       90       
  66 
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 4.3 Characterization of Bacterial Co-Aggregation Using Visual Assay 
A visual assay was originally developed by Cisar et al. to detect bacterial co-
aggregation among dental bacteria. This method was thus widely used in detection of 
bacterial co-aggregation in oral (Bradshaw et al.,1998) and freshwater biofilm (Rickard et 
al.,2000). Cells of each strain were then suspended in DDI H2O to an optical density of 
1.5 at 600 nm and mixed in equal volumes (200 µl) in tubes. The mixture was then 
vortexed for 10s and rolled gently for 30s; the degree of co-aggregation will be assessed 
visually in a semi-quantitative assay using the scoring scheme originally developed by 
Cisar et al.: 0, no flocs in suspension; 1, very small uniform flocs in a turbid suspension; 
2, easily visible small flocs which settle, leaving a clear supernatant; 4, very large flocs of 
co-aggregates that settle almost instantaneously, leaving a clear supernatant (Cisar, 
Brennan and Sandberg,1979).  
Results of bacterial co-aggregation among representative isolates of each 
phylotypes using the visual assay are shown in Table 4.4. No co-aggregation were 
detected using visual assay. This is probably because that this method was developed to 
detect the physical/chemical interaction between cell surface molecules. Many other 
factors such as EPSs, quorum sensing, which could possibly trigger co-aggregation, are 
excluded in this method.  
 
 
 
 
67 
 Table 4.4 Co-aggregation scores among representative strains using visual assay. 
 D14 (A) 
S19-2 
(B) 
S79 
(C) 
S14-2 
(D) 
S78 
(E) 
D42 
(G) 
D6 
(H) 
D57 
(J) 
D62 
(K) 
D4 
(L) 
S13 
(M) 
S83 
(N) 
D19 
(O) 
S91 
(P) 
S85 
(Q)
D61 
(S) 
D23   
(T) 
D14  (A)  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S19-2 (B)   0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S79  (C)    0 0 0 0 0 0 0 0 0 0 0 0 0 0 
S14-2 (D)     0 0 0 0 0 0 0 0 0 0 0 0 0 
S78 (E)      0 0 0 0 0 0 0 0 0 0 0 0 
D42 (G)       0 0 0 0 0 0 0 0 0 0 0 
D6  (H)        0 0 0 0 0 0 0 0 0 0 
D57 (J)         0 0 0 0 0 0 0 0 0 
D62 (K)          0 0 0 0 0 0 0 0 
D4  (L)           0 0 0 0 0 0 0 
S13 (M)            0 0 0 0 0 0 
S83 (N)             0 0 0 0 0 
D19  (O)              0 0 0 0 
S91 (P)               0 0 0 
S85 (Q)                0 0 
D61 (S)                                 0 
D23 (T)                                   
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 4.4 Characterization of Bacterial Co-Aggregation Using Dual-Culture Assay  
A dual-culture experiment was developed to measure bacterial co-aggregation 
capabilities. Two strains were inoculated in a microcosm bottle and the aggregation index 
of dual-culture was compared with the aggregation indices of individual strains. No 
washing step is involved in this method, and it could give a quantitative value of the 
extent of aggregation. 
The pre-screening experiment was conduct on all the possible pairs of these 17 
representative strains. Further dual culture experiments were conducted on pairs of D14 
(phylotype A) and D57 (phylotype J), D14 (phylotype A) and D4 (phylotype L), S19-2 
(phylotype B) and D4 (phylotype L), S19-2 (phylotype B) and S85 (phylotype S), S79 
(phylotype C) and S14-2 (phylotype D), S79 (phylotype C) and D62 (phylotype K), S79 
(phylotype C) and D4 (phylotype L), S79 (phylotype C) and D19 (phylotype P), S79 
(phylotype C) and D61 (phylotype T), S14-2 (phylotype D) and S91(phylotype Q), S78 
(phylotype E) and D42 (phylotype G), S78 (phylotype E) and D62 (phylotype K), S78 
(phylotype E) and D19 (phylotype P), S78 (phylotype E) and S91 (phylotype Q), D6 
(phylotype H) and D61 (phylotype T), D4 (phylotype L) and D61 (phylotype T), D19 
(phylotype P) and D61 (phylotype T), S91(phylotype Q) and D62 (phylotype K) with 
duplicate. Results of co-aggregation using dual-culture assay are shown in Table 4.5, 
where the “+” means the aggregation index of dual culture is higher than the maximum 
value of individual aggregation indices; “-”means the aggregation index of dual culture is 
lower than minimum value of individual aggregation indices; “0” means the aggregation  
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Figure 4.35 Dual culture of strains D14 (phylotype A) and D4 (phylotype L). 
 0
 0.5
 1
 1.5
 2
 2.5
 0  10  20  30  40  50  60  70
 0
 0.2
 0.4
 0.6
 0.8
 1
O
D 6
00
a
gg
re
ga
tio
n 
in
de
x
time (hours)
growth curve of strain S19-2 (B)
aggregation index of strain S19-2 (B)growth curve of strain D4 (L)
aggregation index of strain D4 (L)growth curve of strain S19-2 (B) and D4 (L)
aggregation index of strain S19-2 (B) and D4 (L)
 
Figure 4.36 Dual culture of strains S19-2 (phylotype B) and D4 (phylotype L). 
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index is between individual aggregation indices. For most pairs, their co-aggregation 
patterns are complex.  
For example, the co-aggregation of strain D14 and D4, which are the representative 
strains of phylotype A and L, respectively, is a complex one As shown in Figure 4.35, the 
aggregation index of dual culture (0.73) is higher than the individual aggregation indices 
(0.52 for D14; 0.46 for D4) after growth for 9.8 hours. The aggregation index of dual 
culture (0.17) is between individual aggregation indices (0.16 for D14, 0.2 for D4) after 
growth for 66.2 hours. The co-aggregation of strain S19-2 and D4, which are the 
representative strains of phylotype B and L, respectively, is a complex one too. As shown 
in Figure 4.36, the aggregation index of dual culture is around 0.52 after growth for 9.8 
hours, which is between than the individual aggregation indices (0.52 for S19-2; 0.72 for 
D4). After 66.2 hours, the aggregation index of dual culture (around 0.35) is much higher 
than individual aggregation indices (both are around 0.2)  
However, one finding of this experiment that negative interaction was observed 
when S13 (phylotype M) grew with other strains. One extreme example is when S13 
(phylotype M) grow with D6 (phylotype H), which is known as an auto-aggregating 
bacterium. As shown in Figure 4.37, the individual aggregation index of D6 was as high 
as 0.88 at 5 hours. However, the aggregation index of dual culture was 0.17. This is 
because sticky extra-cellular polymeric substances are excreted by S13. Similar to D6, the 
dual culture (shown as Figure 4.38) of S13 (phylotype M) and D14 (phylotype A) has low 
aggregation indices. 
 
 Table 4.5 Co-aggregation among representative strains using dual-culture assay. 
  
D14 
(A) 
S19-2 
(B) 
S79 
(C) 
S14-2 
(D) 
S78 
(E) 
D42 
(G) 
D6 
(H) 
D57 
(J) 
D62 
(K) 
D4 
(L) 
S13 
(M)
S83 
(N) 
D19 
(O) 
S91 
(P) 
S85 
(Q) 
D61 
(S) 
D23 
(T) 
D14 (A)   0 +/0/- +/0 +/0/- 0 0/- +/0/- +/0 +/0 - 0 +/0/- +/0 0/- +/0 +/0 
S19-2(B)     +/0 +/0/- +/0/- 0/- +/0 +/0/- +/0/- 0/+ - 0/- 0/+/- 0/+ 0/- 0/+ 0
S79 (C)       +/0/- +/0 0 0/+ +/0/- 0/+ +/0/- - 0/- 0/- 0/+/- +/0/- 0/+/- 0/+ 
S14-2(D)         0/- 0 0/+ +/0/- +/0 +/0/- - 0/- +/0 +/0/- +/0 +/0 +/0 
S78(E)           0/+ 0/+ +/0 0/+ 0/+ - 0/- 0/- 0/+ 0 -/0 0
D42 (G)             +/0 0/- -/0/+ -/0 - 0/- 0/- +/0/- 0/- -/0/+ 0
D6 (H)               0/- 0/+ 0/- - 0/- 0/+ 0/- 0/- -/0/+ 0
D57 (J)                 0/- 0 - 0/- 0/- 0/- 0/+ +/0/- +/0 
D62 (K)                   +/- - -/0 -/+ -/0 0/+ +/0 0
D4  (L)                     - 0 +/0/- 0/- 0/-/+ 0/+ -/+ 
S13 (M)                       - - - - - - 
S83 (N)                         0/- 0/- 0/- +/0/- 0/- 
D19 (O)                           0/- 0/+/- 0/-/+ -/0 
S91 (P)                             +/0 0/- 0
S85 (Q)                               0/+ 0
D61 (S)                                 0/- 
D23 (T)                                   
72 
Note:  
• + means the aggregation index of dual culture is higher than the maximum value of individual aggregation 
indices; - means the aggregation index of dual culture is lower than minimum value of individual aggregation 
indices; 0 means the aggregation index is between individual aggregation indices. 
• The bold value is from dual culture experiments with duplicates; the unbold value is from prescreening 
experiment. 
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Figure 4.37 Dual culture of strains S13 (phylotype M) and D6 (phylotype H). 
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Figure 4.38 Dual culture of strains S13 (phylotype M) and D14 (phylotype A). 
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 CHAPTER FIVE 
DISCUSSION 
A comparison of microbial compositions of planktonic and flocs community in 
activated sludge has never been reported before. Several studies (Jinhua, Fukushi and 
Yamamoto,2006; Miura, Watanabe and Okabe,2007) were conducted on submerged a 
membrane reactors, suggesting that the microbial community structure of biofilm 
growing on membrane is different from that in suspended liquor. Some species of 
bacteria were found to live more selectively in biofilm, and were believed to be 
responsible for the biofilm formation. For example, Jinhua et al. reported that γ-
Proteobacteria adhere to and grow more selectively on the membrane surface than do 
other microorganisms. Different from the study of Jinhua et al, Miura et al. found that β-
proteobacteria was the key microorganism that played an important role in the 
development of mature biofilms on the surface of membrane. Although different, their 
results about the dominant species in biofilm are also contradictory, yet both studies 
differences in the bacterial community structure for biofilm and for suspended liquor. 
In this study, bacteria in flocs and planktonic bacteria were separated by 
centrifugation at 600 g for 2 minutes. This method is widely used by researchers (Malik 
et al.,2003) to separate flocs from planktonic bacteria, and it proved to have the same 
effect of settling for 30 minutes. 197 strains were isolated from both the planktonic and 
the floc community, and then characterized by molecular biological identification as 
DGGE and RFLP. Strains with similar DGGE and RFLP were classified into a phylotype. 
Comparison of the distribution of these phylotypes in the planktonic and floc 
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 communities showed a similar phylogenetic distribution in both, suggesting a similar 
community composition. This observation was supported by an on-going experiment in 
our lab using culture-independent methods (PCR-DGGE), where the floc and planktonic 
communities showed strikingly similar DGGE patterns. Similar bacterial structures in the 
planktonic and floc communities suggest that floc formation in conventional activated 
sludge is less selective than in biofilm formation in membrane bioreactor. Many bacteria 
were involved into flocs through non-selective interactions. 
Bacterial auto-aggregation was once extensively studied with the goal of 
searching for the floc-forming bacteria. Many species, (for example, Zooglea ramigera 
(Friedman and Dugan,1968), Escherichia intermedium (McKinney and Horwood,1952), 
Paracolobactrum aerogenoides (McKinney and Horwood,1952), Nocardia actinomorpha 
(McKinney and Horwood,1952), Bacillus cereus (McKinney and Horwood,1952), and 
Flavobacterium sp.(McKinney and Horwood,1952)), were found to have the ability to 
form flocs. The authors proposed that the bacteria were responsible for the activated 
sludge floc formation due to their floc-forming properties, and their ability to remove 
organic compounds rapidly. The authors’ efforts were primarily focused on the 
identification of floc-forming bacteria, but the definition of floc-forming bacteria is not 
clear. In the study of McKinney, the criteria for floc-forming bacteria classification is that 
bacteria form flocs by aerating them for 24 hours. Little focus is put on the factors 
affecting auto-aggregation ability, nor on the contribution of auto-aggregation to sludge 
floc formation.  
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 This study showed that the majority of bacteria in activated sludge has the ability 
to form flocs, and that the aggregation character of each species of bacteria is different. If 
both VF and F type are included, 68% of representative strains have the ability to form 
flocs, suggesting that bacterial auto-aggregation plays an important role in activated 
sludge floc formation. The aggregating characteristics of each strain, which include both 
aggregating properties and patterns, were unique, indicating that bacterial auto-
aggregation is species-dependent, different species of bacteria have their unique auto-
aggregation characteristics. This disagrees with the proposition of Pavoni et al. that since 
the primary composition of EPSs were similar, the aggregating pattern should also be 
similar for various cells. However, this agrees with the results conducted by Klausen et 
al. (Klausen et al.,2004). By using species probes which enable them to label the different 
species in flocs, they found that different species have different sensitivity to shear, and 
some deflocculate under anaerobic conditions. Bacterial cells can not be regarded as 
inorganic particles. Various species of bacteria have different aggregation abilities and 
patterns. Microbial activities, as well as the dominant species in activated sludge, have an 
important role in activated sludge floc formation 
It is well known that bacterial aggregation ability varies under different 
physiological conditions. Many studies have reported that floc formation is related to the 
metabolic activities of bacterial cells. Friedman et al studied a strain of Zooglea and 
found that production of zoogloeal matrix is related to growth conditions (Friedman and 
Dugan,1968). Kakii et al isolated a strain of Flavobacterium sp. which aggregates in the 
early exponential phase in the presence of Ca2+ (Kakii et al.,1986). Pavoni et al studied 
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 the activated sludge flocculation and found that bacterial bioflocculation (culture 
turbidity decrease) is observed to take place only after the microorganisms have entered 
their endogenous growth phase (Pavoni, Tenney and Echelberger,1972). Tenney and 
Echelberger identified the relationship between SRT and sludge settling properties, where 
SRT is known to be the reciprocal of specific growth rate in steady state, and found that 
short SRT effluents contained dispersed growth, while long SRT effluents contained pin-
point floc and small deflocculated particles (Tenney and Stumm,1965). Various types of 
relationships between bacterial aggregation and their physiological conditions were 
reported in previous studies.  
In this study, a majority of floc-forming bacteria have varying auto-aggregation 
abilities depending on their growth stages. For a certain species, bacterial cells have 
different aggregation capability at different growth stage. Their physiological conditions 
determine whether they live in dispersed or aggregated form. Generally, bacteria tend to 
form flocs at the stationary phase. The previous definition about floc-forming bacteria is 
not clear. Previous researchers classified floc-forming bacteria by their ability to form 
flocs in a limited time (McKinney and Weichlein,1953). However, this kind of definition 
is flawed, since the aggregation abilities of most bacteria depend on their physiological 
stages. At the late exponential phase, they tend to have better aggregation abilities and at 
the stationary phase, bacteria start to grow in a dispersed manner. This agrees with the 
previous observation that a low concentration of nutrients trigger bacteria adherence on 
wall. Also, previous experience has shown that SRT of 2-9 days leads to a better sludge 
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 settling; however, if SRT is too long, it leads to dispersion of flocs (Bisogni and 
Lawrence,1971) 
Morphological change is observed in bacterial growth over time. Bacterial cells at 
the exponential phase are normally larger than those in the stationary phase. At the 
exponential phase, bacterial cells become larger and longer, and they decrease their size 
gradually with time, at the stationary phase small size bacteria which have higher density 
was observed. The change in cell morphology was also observed in a study conducted by 
James et al (James et al.,1995). When the feeding nutrient is shifted from high to low 
concentration, a strain of Acinetobacter sp. experienced a morphological transition from 
coccoid to bacillar morphology. The authors also argued that the coccoid and bacillar 
morphotypes and associated behavior represent specialized physiological adaptations for 
attachment and colonization in low-nutrient systems (coccoid morphotype) or dispersion 
under high-nutrient conditions (bacillar morphotype). Similar observations that cell size 
reduces due to low growth rates have been reported in Escherichia coli (Donache, Begg 
and Vicente,1976), Pseudomonas aeruginosa(Robinson, Trulear and Characklis,1984) 
and Arthrobacter sp. (Luscombe and Gray,1974). In this study, morphology response to 
nutrient status was observed. For almost all studied strains, cell sizes decreased in the 
stationary phase compared with those of exponential phase. Cells in the exponential 
phase tend to have larger sizes than that during the stationary phase. However, there is no 
direct correlation between morphological size and aggregation ability. This agrees with 
the study of Malik et al (Malik et al.,2003), who argued that strains with longer cells 
often had higher aggregation indices. This is probably because cells at the exponential 
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 phase are stretched into long rods, like filaments, and easily interweave with each other, 
forming flocs. After entering the stationary phase, cell size becomes smaller, and they are 
easier to disperse.  
A low concentration of dissolved oxygen was reported to cause bacterial 
deflocculation by (Klausen et al.,2004; Wilen and Balmer,1998; Wilen, Keiding and 
Nielsen,2000). In the study of Wilen et al (Wilen, Keiding and Nielsen,2000), activated 
sludge flocs deflocculate under anaerobic conditions, and reflocculate when oxygen is 
supplied. They proposed that a community shift occurs in activated sludge when oxygen 
is deficient, and that microbial activity is important in maintaining flocs stability. Similar 
to Wilen et al, Martins et al. (Martins, Heijnen and Loosdrecht,2003) found that low 
dissolved oxygen concentration had a strong negative effect on sludge settability, leading 
to the proliferation of filamentous bacteria. Previous reports suggest that oxygen 
limitation leads to floc deflocculation. However, these studies were conducted on 
activated sludge; there is no direct evidence that oxygen limitation affects floc stability. It 
is still not clear whether oxygen limitation affects the floc stability by shifting the 
microbial community, or affects the bacterial aggregation ability more directly. 
Co-aggregation has been extensively investigated among oral biofilm, and almost 
every oral bacteria was found to participate in co-aggregation (Kolenbrander,1988). It is 
reported that bacterial co-aggregation between oral bacteria is mediated by lectin-
saccharide interactions between cell surface molecules on partner organisms (McIntire et 
al.,1978). Recently it was reported that co-aggregation occurs between different species 
of freshwater bacteria isolated from a biofilm formed drinking water (Buswell et al.,1997; 
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 Rickard, Gilbert and Handley,2004; A. H. Rickard et al.,2003; Rickard et al.,2000; 
Rickard et al.,2002; A.H. Rickard et al.,2003). All the strains co-aggregate with a least 
one other strain isolated from the biofilm. As opposed to oral bacteria, co-aggregation 
among freshwater bacteria is dependent on growth phase. Bacterial co-aggregation was 
first reported by Malik et al. (Malik and Kakii,2003; Malik, Kimchhayarasy and 
Kakii,2005) to play a role in activated sludge floc formation. In their study, only 31% of 
the bacterial isolates were good floc formers, while 58% were non-aggregating bacteria. 
Among the 32 strains of non-aggregating bacteria, 8 showed significant co-aggregation 
with Acinetobacter johnsonni and four strains co-aggregated with Acinetobacter junni. 
Jiang et al (Jiang et al.,2006a; Jiang et al.,2006b)also reported that two strains 
Propioniferax-like PG-02 and Comamonas sp. co-aggregate, which enhanced the phenol 
degradation.  
In this study, no co-aggregation was detected in the bacteria isolated from 
activated sludge, suggesting that co-aggregation is not a significant interaction during 
activated sludge floc formation. The multi-species activated sludge floc formation is not a 
specific process which is supported by the evidence that phylogenetic distribution was 
similar in both the planktonic and floc communities. This is because lack of adhesion via 
co-aggregation would ultimately result in oral bacteria being swallowed due to the shear 
forces in the mouth. Therefore, a strong selective pressure exists for co-aggregation 
interactions to occur between oral bacteria. 
Strain S13, identified by partial sequencing as Acinetobacter johnsonii, was 
observed to excrete a glue-like EPSs, bulking up the solution, leading to the solution 
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 becoming sticky. As a consequence, the aggregation abilities of all other strains were 
reduced. However, in the study of Malik et al., a strain of Acinetobacter johnsonni as 
bridging bacteria co-aggregates with 2 strains of Oligotropha carboxidovorans, 3 strains 
of Microbacterium esteraromaticum and 3 of Xanthomonas spp.. Acinetobacter 
johnsonni. It was found to be very hydrophobic (85% adsorption to p-xylene), which was 
believed to promote the co-aggregation of Acinetobacter johnsonni with other strains. In 
their study, Acinetobacter johnsonni and other strains grew individually in a batch culture, 
and they mixed cells after washing twice in 3 Mm NaCl containing 0.5 mM CaCl2. EPSs 
was removed in this washing process. No positive co-aggregation was observed for 
Acinetobacter johnsonni with other strains in this study. One possible reason is that their 
partner strains such as Oligotropha carboxidovorans, Microbacterium esteraromaticum, 
and Xanthomonas spp. were not isolated in this study. Another reason is that the washing 
step in the study of Malik et al. removed the EPSs of Acinetobacter johnsonni, changing 
the bacterial surface characteristics. The strain S13 has a high growth rate. The dominance 
of this strain in activated sludge is believed to result in slime bulking.  
Previous co-aggregation assay grows bacteria in batch culture, harvest them by 
centrifugation, remove their EPSs by washing, and mix the cells after adjusting their 
concentrations. This method manually changed the bacterial surface characteristics. This 
study made a modification of co-aggregation assay. Dual culture was used to grow two 
strains together and monitor the aggregation ability with time. The advantage of dual 
culture is that it reduces the manual change on the cell surface and it better simulate the 
real activated sludge condition, where millions of bacteria grow together and compete for 
81 
 82 
nutrients; one example is Acinetobacter johnsonni. By using traditional co-aggregation 
assay, no negative interaction was observed. However, this strain deteriorates the 
aggregation of other strains by excreting sticky EPSs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 CHAPTER SIX 
CONCLUSIONS 
1. Total 197 were isolated from activated sludge sample, besides 107 were 
from planktonic community and 90 from floc community. Following 
phylogentic classification showed that these isolates belong to 18 
phylotypes. Sequencing of the representative strains indicated that 
those strains are bacteria frequently found in aquatic and soil systems. 
Similar phylogenetic distribution was observed for both floc and 
planktonic communities. 
2. Three aggregation patterns were observed during the characterization 
of auto-aggregation of representative strains: 1) aggregating bacteria; 2) 
bacteria with varying aggregation capabilities; 3) non-aggregating 
bacteria. Bacteria with varying aggregation capabilities are the most 
dominant type, accounting for 68.9% and 61.1% of the total isolate 
number of planktonic and floc communities, respectively. Aggregating 
bacteria were only found in floc community. However, it accounts only 
a small portion of the total number of floc community (6.7%). Non-
aggregating bacteria were found in both communities, which is 
probably due to co-aggregation.  
3. The co-aggregation for most representative strains is complex. For a 
specific pair of strains, the interaction pattern might vary at different 
growth time. In some time, it shows positive interaction, while it does 
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not at another time. The rapid physical/chemical interaction between 
cell surface molecules is not a significant phenomenon. Strain S13, 
which is identified as Acinetobacter johnsonni by partial sequencing, 
has a negative effect on the aggregation of other strains. 
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Appendix A 
Evaluation of Oxygen Limitation on Aggregation Abilities 
The effect of oxygen limitation on bacterial auto-aggregation abilities was 
evaluated by comparing the bacterial aggregation index obtained in a condition with 
oxygen limitation with the data obtained without oxygen limitation. Two types of bottles 
(square and serum bottle) and two different volume of culture (50 ml and 30 ml) were 
used. Strain D6 (phylotype H) was used to run microcosm experiments simultaneously in 
four bottles (square-50ml, square-30ml, serum-50ml and serum-30ml). All the other 
growth conditions such as medium composition, shaking speed and temperature were set 
at the same condition. Results (Figure A.1) show that D6 (phylotype H) growing in serum 
bottles had a higher growth rate than in square bottles if the volume is the same; and if 
the bottle shape is the same, it had a remarkably higher growth rate in the bottle 
containing 30 ml culture than in the bottle containing 50 ml culture, suggesting that 
growth of D6 (phylotype H) in a square bottle containing 50 ml culture is limited not only 
by substrate but also by oxygen. 
To make sure that bacteria growing in serum bottles containing 30 ml culture are 
free of oxygen limitation, a further experiment was conducted by growing D6 (phylotype 
H) in a series of serum bottles which contains 5, 10, 15, 20, 30, 40, 50 ml culture, 
respectively. Results show that bacteria growing in 15, 20, 30, 40 ml culture have similar 
growth curve, while bacteria growing in 5 ml and 50 ml culture had slower growth rates. 
The reason for the slower rate of growth in 50 ml culture is the oxygen limitation. And 
for 5 ml culture, the possible reason is that the smaller amount of culture volume led to 
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the increase of agitation in medium which, although it is good for oxygen transport, 
increase the bacterial growth on the walls. As a consequence, a lower OD was obtained 
when only the liquid culture was sampled. After all, oxygen in 30 ml serum bottle (wet 
volume) is sufficiently supplied for bacterial growth by shaking at 125 rpm. 
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Figure A.1 Effect of oxygen limitation on the growth of D6. 
Microcosm experiments were conducted in the same manner except that oxygen 
is not sufficiently supplied in 30 ml square bottles. 
The aggregation index of D14 with time is shown in Figure A.2. Cells grew 
exponentially after 3 hours of inoculation. The aggregation index decreased gradually in 
exponential phase. At 15 hours, it reached stationary phase and the aggregation index was 
kept at around 0.2. The maximum cell density was OD600=0.3, which is much lower than 
it grew in the condition without oxygen limitation.  
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Figure A.2 Time course of the aggregation index of strain D14 with oxygen limitation. 
Strain S19-2 grew exponentially several hours after inoculation. The aggregation 
index of strain S19-2 with time was shown in Figure A.3. Aggregation index at 8 hours 
was 0.8, and decrease gradually after that. As cells enter later exponential phase or early 
stationary phase, aggregation index increased a little to 0.75. The maximum cell density 
was OD600=0.45. After cells reached stationary phase, the aggregation index decreased 
again. At 70 hours, its aggregation index was 0.22. 
Aggregation index of S79 with time was shown in Figure A.4. Generally, 
aggregation index decreased before cells reached their maximum OD value. Due to the 
oxygen limitation, it took more than 50 hours for S79 reaches its stationary phase. The 
maximum OD600 value was 0.2. The aggregation index after cells reached stationary 
phase was 0.1. 
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Figure A.3 Time course of the aggregation index of strain S19-2 with oxygen limitation. 
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Figure A.4 Time course of the aggregation index of strain S79 with oxygen limitation. 
The aggregation index of strain S14-2 with time is shown in Figure A.5. In 
exponential phase, the aggregation index decreased with time. As cells reached their 
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stationary phase at 10 hours, the aggregation index increased back to 0.75. Little biomass 
was produced and the maximum OD600 value was less than 0.1. 
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Figure A.5 Time course of the aggregation index of strain S14-2 with oxygen limitation. 
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Figure A.6 Time course of the aggregation index of strain S78 with oxygen limitation. 
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The aggregation index of strain S78 with time is shown in Figure A.6. The 
aggregation index was kept at around 0.2. Little biomass was produced by S78, the 
maximum OD600 value was less than 0.1. 
The aggregation index of D42 with time was shown in Figure A.7. At 2 hours, the 
aggregation index was 0.42. It deceased as cells were in exponential phase. At 10 hours, 
cells entered stationary phase and its aggregation index was around 0.25.  
The aggregation index of D6 with time was shown in Figure A.8. Cells grew 
exponentially several hours after inoculation. Its aggregation index at exponential phase 
was as high as 0.99. At 60 hours, cells reached their stationary phase and the maximum 
OD600 value was 0.75. And the aggregation index was kept higher than 0.9.  
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Figure A.7 Time course of the aggregation index of strain D42 with oxygen limitation. 
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Figure A.8 Time course of the aggregation index of strain D6 with oxygen limitation. 
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Figure A.9 Time course of the aggregation index of strain D57 with oxygen limitation. 
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The aggregation index of D57 with time was shown in Figure A.9. Cells grew 
exponentially several hours after inoculation. Its aggregation index at exponential phase 
was as high as 0.8. At 12 hours, cells reached their late exponential phase, its aggregation 
decreased gradually. At 20 hours, cells reached their stationary phase and the maximum 
OD600 value was 0.22. And the aggregation index at stationary phase was 0.2. 
The aggregation index of D62 with time was shown in Figure A.10. Little biomass 
was produced by D62. The maximum OD600 value was less than 0.1. Aggregation index 
was high, which is about 0.8. 
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Figure A.10 Time course of the aggregation index of strain D62 with oxygen limitation. 
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Figure A.11 Time course of the aggregation index of strain D4 with oxygen limitation. 
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Figure A.12 Time course of the aggregation index of strain S13 with oxygen limitation. 
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The aggregation index of D4 with time was shown in Figure A.11. Cells grew 
exponentially several hours after inoculation. At 4 hours, its aggregation index was 0.78 
and it decreased gradually in exponential phase. At 20 hours, cells reached stationary 
phase, and the maximum OD600 value was 0.2. And the aggregation index at stationary 
phase was around 0.2.  
The aggregation index of S13 with time was shown in Figure A.12. Cells grew 
exponentially several hours after inoculation. Its aggregation index at exponential phase 
was 0.2. At 20 hours, cells reached stationary phase, the maximum OD600 value was 0.8. 
And the aggregation index at stationary phase was kept lower than 0.2. 
The aggregation index of S83 with time was shown in Figure A.13. Cells grew 
exponentially several hours after inoculation. Its aggregation index at 4 hours was 0.45 
and it increased after 4 hours. At 32 hours, its aggregation index increased to the 
maximum value of 0.8 and started to decrease. At 60 hours, cells reached their stationary 
phase and the maximum OD600 value was 0.8.At 70 hours, the aggregation index 
decreased to 0.3. 
The aggregation index of D19 with time was shown in Figure A.14. Cells grew 
exponentially several hours after inoculation. Its aggregation index at 4 hours was 0.45 
and it increased gradually after 5 hours. At 14 hours, its aggregation index increased to 
the maximum value of 0.7 and started to decrease after 18 hours. At 38 hours, cells 
reached their stationary phase and the maximum OD600 value was 0.4. At 50 hours, the 
aggregation index was 0.35. 
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Figure A.13 Time course of the aggregation index of strain S83 with oxygen limitation. 
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Figure A.14 Time course of the aggregation index of strain D19 with oxygen limitation. 
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The aggregation index of S81 with time was shown in Figure A.15. Cells grew 
exponentially several hours after inoculation. Its aggregation index at 4 hours was 0.45 
and it decreased gradually after 5 hours. At 36 hours, cells reached their stationary phase 
and the maximum OD600 value was 0.18. At 50 hours, the aggregation index was 0.2. 
The aggregation index of S85 with time was shown in Figure A.16. Cells grew 
exponentially several hours after inoculation. Its aggregation index at 4 hours was as high 
as 0.9. The growth curve of S85 is not smooth. Two peaks were observed due to the lack 
of oxygen supply. The aggregation index decreased gradually after 35 hours. At 70 hours, 
the aggregation index was 0.62. 
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Figure A.15 Time course of the aggregation index of strain S81 with oxygen limitation. 
 
97 
  
The aggregation index of D61 with time was shown in Figure A.17. Cells grew 
exponentially several hours after inoculation. Its aggregation index at 4 hours was 0.45 
and it decreased gradually. At 55 hours, cells reached their stationary phase and the 
maximum OD600 value was 0.18. At 50 hours, the aggregation index was 0.38. 
The aggregation index of D23 with time was shown in Figure A.18. Cells grew 
exponentially right after inoculation. Its aggregation index at 4 hours was 0.4 and it 
decreased gradually. At 60 hours, cells reached their stationary phase and the maximum 
OD600 value was 0.85. At 70 hours, the aggregation index was 0.18. 
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Figure A.16 Time course of the aggregation index of strain S85 with oxygen limitation. 
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Figure A.17 Time course of the aggregation index of strain D61 with oxygen limitation. 
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Figure A.18 Time course of the aggregation index of strain D23 with oxygen limitation. 
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The results obtained in a condition with oxygen limitation are compared to the 
results obtained without oxygen limitation, indicating that oxygen limitation had limited 
effect on bacterial auto-aggregation ability. The aggregation index is correlated with the 
growth phase. For cells at a certain growth stage, for example, late exponential phase or 
stationary phase, the aggregation indices of cells with and without oxygen limitation are 
the same. However, the oxygen limitation can greatly affect the growth curve. The 
growth rate with oxygen limitation is much slower than that of without oxygen limitation, 
which means that it took longer time for cells with oxygen limitation to shift from 
exponential phase to stationary phase. 
 
 
  
Appendix B 
Prescreening of Co-Aggregation Pairs 
Table B.1 Prescreening Results of Dual-Culture Experiments @ 8.2 hours. 
 A B C D E G H J K L M N O P Q S T 
A 0.74 0.8 0.79 0.83 0.76 0.57 0.82 0.8 0.8 0.59 0.33 0.74 0.77 0.78 0.71 0.85 0.85
B  0.82 0.86 0.84 0.83 0.76 0.86 0.85 0.88 0.85 0.6 0.8 0.79 0.7 0.74 0.75 0.7 
C   0.54 0.67 0.27 0.37 0.75 0.57 0.51 0.5 0.35 0.52 0.5 0.47 0.61 0.4 0.48
D    0.67 0.47 0.27 0.83 0.7 0.7 0.69 0.27 0.67 0.74 0.76 0.69 0.76 0.83
E     0.22 0.26 0.53 0.48 0.25 0.3 0.06 0.23 0.21 0.23 0.38 0.19 0.23
G      0.26 0.28 0.2 0.24 0.2 0.25 0.26 0.23 0.31 0.38 0.24 0.25
H       0.83 0.51 0.86 0.21 0.14 0.74 0.54 0.51 0.64 0.01 0.77
J        0.13 0.34 0.25 0.09 0.2 0.43 0.47 0.58 0.48 0.29
K         0.33 0.56 0.11 0.17 0.12 0.22 0.52 0.41 0.56
L          0.3 0.1 0.28 0.4 0.4 0.31 0.28 0.17
M           0 0.07 0.12 0.02 0.31 0.06 0.07
N            0.31 0.38 0.48 0.52 0.35 0.27
O             0.3 0.5 0.59 0 0.11
P              0.58 0.72
.
0.41 0.54
Q                0  
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Table B.2 Prescreening Results of Dual-Culture Experiments @ 29 hours. 
  A B C D E G H J K L M N O P Q S T 
A 0.19 0.38 0.27 0.19 0.28 0.33 0.33 0.35 0.25 0.27 0.05 0.24 0.23 0.3 0.27 0.25 0.21
B   0.33 0.31 0.34 0.34 0.34 0.41 0.35 0 0.23 0 0.46 0.45 0.47 0.45 0.67 0.26
C     0.59 0.36 0.27 0.38 0.64 0.35 0.37 0.35 0.15 0.36 0.29 0.35 0.47 0.36 0.36
D       0.51 0.32 0.36 0.7 0.49 0.48 0.26 0 0.51 0.44 0.27 0.62 0.42 0.4 
E         0.2 0.34 0.48 0.39 0.5 0.33 0 0.21 0.11 0.29 0.52 0.18 0.28
G           0.36 0.43 0.36 0.36 0.38 0.04 0.34 0.4 0.41 0.42 0.37 0.39
H             0.91 0.37 0.95 0.38 0.09 0.54 0.6 0.47 0.65 0.57 0.43
J               0.37 0.41 0.3 0.23 0.37 0.33 0.35 0.53 0.37 0.36
K                 0.57 0.39 0.13 0.39 0.29 0.32 0.61 0.32 0.35
L                   0.41 0.14 0.41 0.4 0.35 0.23 0.38 0.41
M                     0.04 0 0 0.09 -0.2 0.05 0 
N                       0.61 0.44 0.36 0.43 0.4 0.3 
O                         0.32 0.34 0.6 0.29 0.22
P                           0.36 0.45 0.31 0.35
Q                             0.45 0.54 0.33
S                               0.31 0.21
T                                 0.27
102 
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TableB.3 Prescreening Results of Dual-Culture Experiments @ 49.2 hours. 
  A B C D E G H J K L M N O P Q S T 
A 0.12 0.34 0.17 0.03 0.17 0.24 0.18 0.36 0.22 0.24 0.03 0.22 0.14 0.23 0.22 0.18 0.21
B   0.41 0.51 0.38 0.4 0.11 0.39 0.22 0.32 0.44 0 0.03 0.34 0.33 0.36 0.32 0.32
C     0.1 0.51 0.08 0.24 0.24 0.25 0.29 0.39 0 0.17 0.04 0.26 0.28 0.29 0.36
D       0.5 0.45 0.34 0.75 0.26 0.59 0.34 0 0.29 0.38 0.22 0.73 0.4 0.3 
E         0.23 0.28 0.58 0.26 0.46 0.24 0.06 0.29 0.19 0.28 0.48 0.15 0.18
G           0.31 0.33 0.2 0.34 0.28 0.02 0.28 0.24 0.19 0.43 0.25 0.24
H             0.39 0.25 0.6 0.15 0.03 0.35 0.56 0.2 0.31 0.29 0.24
J               0.2 0.18 0.23 0 0.18 0.14 0.17 0.23 0.17 0.2 
K                 0.39 0.22 0.02 0.35 0.38 0.24 0.47 0.22 0.28
L                   0.22 0 0.24 0.3 0.19 0.14 0.17 0.3 
M                     0 0.08 0 0.08 0 0 0.04
N                       0.42 0.21 0.24 0.28 0.41 0.19
O                         0.36 0.21 0.36 0.12 0.15
P                           0.26 0.32 0.09 0.26
Q                             0.56 0.32 0.25
S                               0.16 0.18
T                                 0.17
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Table B.4 Prescreening Results of Dual-Culture Experiments @ 91 hours. 
  A B C D E G H J K L M N O P Q S T 
A 0.13 0.26 0.14 0.23 0.11 0.2 0.13 0.19 0.19 0.24 0 0.16 0.09 0.13 0.06 0.13 0.1 
B   0.32 0.21 0.2 0.2 0.27 0.26 0.17 0.28 0.49 0 0.22 0.11 0.24 0.21 0.3 0.15
C     0.19 0.65 0.25 0 0.33 0.1 0.44 0.31 0 0.16 0 0.32 0 0.1 0.33
D       0.66 0.13 0.29 0.76 0.22 0.31 0.26 0.07 0.26 0.63 0.26 0.46 0.34 0.23
E         0.21 0.35 0.55 0.21 0.28 0.26 0.04 0.19 0.21 0.25 0.21 0.16 0.18
G           0.2 0.33 0.15 0.22 0.19 0 0.19 0 0.2 0 0.23 0.17
H             0.25 0.2 0.31 0.24 0.06 0.19 0.4 0.2 0.18 0.26 0.25
J               0.27 0.18 0.14 0 0.18 0.17 0.17 0.17 0.06 0.16
K                 0.18 0.19 0 0.25 0.18 0.14 0.2 0.19 0.13
L                   0.13 0 0.14 0.03 0.11 0.2 0.17 0.19
M                     0 0.04 0 0 0 0 0.01
N                       0.31 0.03 0.15 0.17 0.04 0.16
O                         0.16 0.14 0.13 0.28 0 
P                           0.1 0.17 0.09 0.21
Q                             0.17 0 0.11
S                               0.14 0.1 
T                                 0.09
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  A B C D E G H J K L M N O P Q S T 
A 0 0 0.01 0.01 0 0 0 0 0.03 0 0 0 0.01 0.1 0 0.01 0 
B   0.01 0 0 0 0.02 0.11 0 0.39 0 0.08 0.02 0.03 0.24 0.17 0.26 0.09
C     0 0.23 0.33 0.1 0.09 0.16 0.34 0.2 0 0.13 0.1 0.21 0 0.28 0.25
D       0.81 0.25 0.28 0.82 0.38 0.61 0.38 0.26 0.28 0.64 0.42 0.59 0.23 0.35
E         0.28 0.37 0.66 0.28 0.32 0.28 0.25 0.25 0.32 0.44 0.28 0.38 0.17
G           0.27 0.46 0.24 0.37 0.35 0.37 0.38 0 0.41 0.08 0.29 0.21
H             0.16 0.21 0.2 0.17 0.06 0.2 0.2 0.17 0.12 0.24 0.16
J               0.12 0.07 0.22 0.06 0.13 0.19 0.16 0.13 0.15 0.12
K                 0.18 0.18 0 0.15 0.41 0.15 0.21 0.2 0.12
L                   0.14 0.04 0.15 0.17 0.14 0.15 0.19 0.15
M                     0 0.05 0 0.03 0.03 0 0 
N                       0.17 0 0.13 0.2 0.06 0.07
O                         0.3 0.09 0.17 0.1 0.08
P                           0.1 0.14 0.18 0.12
Q                             0.2 0.01 0.12
S                               0.11 0.08
T                                 0.11
Table B.5 Prescreening Results of Dual-Culture Experiments @ 142 hours. 
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Figure C.19 Dual Culture of Strains D14 (phylotype A) and D4 (phylotype L). 
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Figure C.20 Dual Culture of Strain D14 (phylotype A) and D57 (phylotype J). 
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Figure C.21 Dual Culture of Strain S19-2 (phylotype B) and D4 (phylotype L). 
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Figure C.22 Dual Culture of Strain S19-2 (phylotype B) and D61 (phylotype S). 
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Figure C.23 Dual Culture of Strain S79 (phylotype C) and S14-2 (phylotype D). 
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Figure C.24 Dual Culture of Strain S79 (phylotype C) and D62 (phylotype K). 
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Figure C.25 Dual Culture of Strain S79 (phylotype C) and S91 (phylotype P). 
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Figure C.26 Dual Culture of Strain S79 (phylotype C) and D61 (phylotype T). 
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Figure C.27 Dual Culture of Strain S14-2 (phylotype D) and S91 (phylotype Q). 
 
 0
 0.5
 1
 1.5
 2
 2.5
 0  10  20  30  40  50  60  70  80
 0
 0.2
 0.4
 0.6
 0.8
 1
O
D 6
00
a
gg
re
ga
tio
n 
in
de
x
time (hours)
growth curve of strain S78 (E)
aggregation index of strain S78 (E)growth curve of strain D42 (G)
aggregation index of strain D42 (G)growth curve of strain S78 (E) and D42 (G)
aggregation index of strain S78 (E) and D42 (G)
 
Figure C.28 Dual Culture of Strain S78 (phylotype E) and D42 (phylotype G). 
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Figure C.29 Dual Culture of Strain S78 (phylotype E) and D62 (phylotype K). 
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Figure C.30 Dual Culture of Strain S78 (phylotype E) and S91 (phylotype P). 
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Figure C.31 Dual Culture of Strain S78 (phylotype E) and S85 (phylotype Q). 
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Figure C.32 Dual Culture of Strain D6 (phylotype H) and D23 (phylotype T). 
112 
  
 
 0
 0.5
 1
 1.5
 2
 2.5
 0  10  20  30  40  50  60  70  80
 0
 0.2
 0.4
 0.6
 0.8
 1
O
D 6
00
a
gg
re
ga
tio
n 
in
de
x
time (hours)
growth curve of strain D4 (L)
aggregation index of strain D4 (L)growth curve of strain D23 (T)
aggregation index of strain D23 (T)growth curve of strain D4 (L) and D23 (T)
aggregation index of strain D4 (L) and D23 (T)
 
Figure C.33 Dual Culture of Strain D4 (phylotype L) and D23 (phylotype T). 
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Figure C.34 Dual Culture of Strain S91 (phylotype P) and D23 (phylotype T). 
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Figure C.35 Dual Culture of Strain S85 (phylotype Q) and D62 (phylotype K). 
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Figure C.36 Dual Culture of Strain D14 (phylotype A) and S13 (phylotype M). 
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Figure C.37 Dual Culture of Strain S19-2 (phylotype B) and S13 (phylotype M). 
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Figure C.38 Dual Culture of Strain S79 (phylotype C) and S13 (phylotype M). 
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Figure C.39 Dual Culture of Strain S14-2 (phylotype D) and S13 (phylotype M). 
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Figure C.40 Dual Culture of Strain S78 (phylotype E) and S13 (phylotype M). 
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Figure C.41 Dual Culture of Strain D42 (phylotype G) and S13 (phylotype M). 
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Figure C.42 Dual Culture of Strain D6 (phylotype H) and S13 (phylotype M). 
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Figure C.43 Dual Culture of Strain D57 (phylotype J) and S13 (phylotype M). 
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Figure C.44 Dual Culture of Strain D62 (phylotype K) and S13 (phylotype M). 
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Figure C.45 Dual Culture of Strain D4 (phylotype L) and S13 (phylotype M). 
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Figure C.46 Dual Culture of Strain S83 (phylotype N) and S13 (phylotype M). 
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Figure C.47 Dual Culture of Strain S88 (phylotype O) and S13 (phylotype M). 
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Figure C.48 Dual Culture of Strain S91 (phylotype P) and S13 (phylotype M). 
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Figure C.49 Dual Culture of Strain S85 (phylotype Q) and S13 (phylotype M). 
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Figure C.50 Dual Culture of Strain D61 (phylotype S) and S13 (phylotype M). 
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Figure C.51 Dual Culture of Strain D23 (phylotype T) and S13 (phylotype M). 
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